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Abstract 


Results  are  reported  of  a  six-month  study,  ending  March  1976,  on  candidate  materials 
for  superconducting  machinery.     The  results  cover  five  areas — advanced  composites,  elastic 
properties,  fatigue  resistance  and  fracture  toughness,  magnetothermal  conductivity,  and 
thermal  conductivity.     Material  properties  were  studied  over  the  temperature  range  4  to 
300  K.     Materials  studied  include:     aluminum  alloys  1100,  2014,  2219;  a  nickel-chromium-iron 
alloy;  iron-47.5  nickel;  and  the  composite  materials  boron/aluminum,  boron/epoxy,  S-glass/ 
epoxy;  graphite/epoxy .     Some  notable  results  of  the  study  are:     first  reports  of  compressive 
mechanical  testing  on  composite  materials  at  4  K;  regular  temperature  behavior  of  the  elas- 
tic constants  of  aluminum  2014  and  2219  and  of  iron-47.5  nickel,  which  is  magnetic;  none  of 
the  mechanical  properties  of  the  nickel-chromium-iron  alloy  tested  were  affected  deleteri- 
ously  by  cryogenic  temperatures;  in  aluminum  alloy  2219,  Jj^  ^^'^  ^Jc  equivalent 
because  of  sub-critical  crack  extension;  both  electrical  and  thermal  conductivities  of 
aluminum  alloy  1100  are  reduced  by  magnetic  fields. 

This  work  was  supported  by  the  Advanced  Research  Projects  Agency  of  the  U.S.  Department 
of  Defense. 

Keywords:     Aluminum  alloys;  composites;  elastic  properties;  engineering  materials;  fatigue; 
fracture;    iron  alloys;   cryogenic  temperatures;  mechanical  properties;  nickel  alloys; 
superconducting   machinery;  thermal  conductivity. 
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Disclaimer 


Tradenames  of  equipment  and  materials  are  used  in  this  report  for  clarity  and  to 
conform  with  standard  usage  in  the  scientific  and  engineering  literature.     Selection  of 
materials  for  discussion  and  examination  with  regard  to  application  in  superconducting 
machinery  is  based  on  properties  reported  in  the  literature,  and  must  be  regarded  as 
preliminary  and  tentative.     In  no  case  does  such  selection  imply  recommendation  or 
endorsement  by  the  National  Bureau  of  Standards,  nor  does  it  imply  that  the  material 
or  equipment  is  necessarily  the  best  available  for  the  purpose. 
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SuiTiinary;     Advanced  Composites 

Phase  II  of  the  experimental  program  has  been  completed.     This  report 
contains  2  95  K,   76  K  and  4  K  uniaxial  compressive  laminate  mechanical  pro- 
perty data  on  the  following  commercial  composites:     5.6  mil  boron/6061  alu- 
minum,   5.6  mil  boron/5505  epoxy*,   S-901  glass/NASA  Resin  2  epoxy,   and  type 
AS  graphite/NASA  Resin  2  epoxy.  A  reprint  of  a  review  of  the  literature  on 
the  mechanical  and  thermal  properties  of  advanced  composites  at  cryogenic 
temperatures  is  also  included. 


Contents;     Advanced  Composites 

Page 

1.0     Review   3 

2.0     Phase  II   (Continued):     Static  Mechanical  Properties 

of  Uniaxial  Composites  at  Cryogenic  Temperatures    3 

2.1  Introduction    3 

2.2  Experimental  Procedures    4 

2.3  Results  and  Discussion   5 

2.3.1  Compressive  Modulus    5 

2.3.2  Compressive  Strength    5 

2.4  Conclusions    6 

3 . 0     Future  Work   7 

4 . 0     References   ^ 

5.0     List  of  Figures   1 

6.0     List  of  Tables   8 

Appendix  I:     Calculation  of  Compressive  Moduli    18 

Appendix  II:     M.   B.   Kasen,    "Mechanical  and  thermal 
properties  of  filamentary-reinforced 
structural  composites  at  cryogenic 
temperatures.     II:  Advanced 
composites,"  Cryogenics  15  (12), 

pp.    701-722    (1975)    19 


*  The  use  of  trade  names  or  designations  in  this  paper  is  essential  to 
proper  understanding  of  the  work  presented.     Their  use  in  no  way  implies 
approval,  endorsement,  or  recommendation  by  NBS . 


2 


1.0  Review 


Work  on  this  project  was  initiated  by  preparing  state-of-the-art  reviews 
on  the  mechanical  and  thermal  properties  of  structural  composites  at  cryogenic 
temperatures.     A  general  review  has  been  published ( 1 ) .     More  comprehensive 
reviews  of  glass-reinforced  composites  and  of  advanced-fiber  (high-modulus) 
composites  have  been  published (2 , 3) .     A  reprint  of  Ref.   3  is  included  in 
the  present  report.     Reprints  of  Refs.   1  and  2  have  appeared  in  a  previous 
Semi-Annual  Report (4). 

The  reviews  suggested  that  boron-aluminum,  boron-epoxy,   graphite-epoxy , 
glass-epoxy  and  Kevlar  4  9-epoxy  composites  warranted  further  study  to  char- 
acterize key  static  mechanical  properties  at  cryogenic  temperatures.  Key 
properties  are  those  required  for  a  prediction  of  strength  or  stiffness 
limits  in  complex  crossply  layups  using  macromechanical  composite  theory. 
The  properties  are  obtained  from  uniaxial  composite  laminates , and  consist  of 
strengths  and  elastic  moduli  in  tension  and  compression  in  the  longitudinal 
and  transverse  directions  plus  in-plane  elastic  shear  moduli. 

Phase  I  of  the  experimental  work  was  the  development  of  apparatus  and 
procedures  for  obtaining  these  data  at  cryogenic  temperatures.     Results  have 
been  reported  previously ( 5 , 6 ) .     Phase  II  encompassed  the  static  characteri- 
zation work.     The  tensile  and  in-plane  shear  portion  of  this  Phase  was  reported 
previously ( 4 ) .     The  static  compressive  mechanical  properties  of  these  compo- 
sites are  presented  and  discussed  in  the  present  report. 

In  Phase  III  of  this  work, the  performance  of  boron-epoxy  and  boron- 
aluminum  composites  in  tensile-tensile  fatigue  will  be  examined  at  cryogenic 
temperatures.     This  work  is  presently  under  way  and  will  be  reported  subse- 
quently . 


2.0    Phase  II   (Continued) :     Static  Mechanical  Properties 
of  Uniaxial  Composites  at  Cryogenic  Temperatur"es 

2.1  Introduction 

This  report  presents  compressive  static  mechanical  property  data  for  the 
composites  listed  in  Table  1,  all  of  which  had  previously  been  characterized 
in  tension  and  in-plane  shear.     The  boron-reinforced  composites  were  fabri- 
cated from  state-of-the-art  commercial  preimpregnated  tape  materials,  not 
optimized  for  cryogenic  use.     The  cryogenic  properties  reported  for  these 
materials  in  the  present  work  are  believed  representative  of  the  properties 
of  boron-reinforced  aluminum  or  epoxy  composites  as  a  class,   independent  of 
the  specific  manufacturer. 

NASA  Resin  2  is  a  non-proprietary  formulation,  developed  for  cryogenic 
filament-wound  pressure  vessles(7).     It  consists  of  Epon  828/DSA/Empol  1040/ 
BDMA  in  proportions  of  100/115.9/20/1  by  weight. 

The  Kevlar  49/NASA  Resin  2  composite,  previously  included  in  the  ten- 
sile evaluation,  was  not  included  in  the  compressive  test  program.     The  very 
low  transverse  strength  of  the  material  obtained  for  this  program  suggested 
that  the  composite  was  not  representative  of  good  production  quality. 

Key  compressive  static  mechanical  properties  include  uniaxial  longitu- 
dinal and  transverse  ultimate  strengths,  elastic  moduli,  and  ultimate  failure 
strains.     Where  possible,  the  stresses  at  the  proportional  limit  and  the 
0.2%  offset  yield  strengths  were  also  determined. 

The  present  data  have  been  obtained  from  rod  or  bar  type  specimens 
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designed  to  fail  in  approximately  4  5°  shear.     This  is  believed  to  best 
approximate  compressive  failure  in  bulk  composite  structures  in  the  absence 
of  significant  column  bending  or  end  brooming.     The  reader  should  be  aware 
that  compressive  properties  obtained  by  the  sandwich  beam  method  may  differ 
somewhat  from  those  reported  in  the  present  work. 

2.2     Experimental  Procedures 

The  compression  fixture  shown  in  Figure  1  converts  pull  rod . separation 
into  compression  by  means  of  interlocking  yokes.     Specimen   (A)   with  its  end 
caps  is  inserted  into  compression  blocks   (B) .     Alignment  is  maintained  by 
sleeve   (C) ,  which  slips  around  the  blocks.     The  compression  blocks  are 
anodized  to  minimize  friction.     Additionally,  M0S2  lubricant  sprayed  on  the 
fixture  during  assembly  serves  as  both  a  release  agent  for  the  end  caps  and 
as  a  lubricant  between  the  compression  blocks  and  alignment  tube.  Extraneous 
frictional  forces  are  typically  5-10  N   (1-2  lb) . 

The  split  compression  blocks  are  joined  by  stainless  steel  bolts, 
facilitating  removal  of  the  end  caps  after  testing.     Fixture  dimensions  and 
construction  materials  are  detailed  in  Figure  2. 

The  compression  fixture  was  designed  to  interchange  with  the  tensile 
fixture  in  the  cryostat  previously  described ( 5) .     Helium  consumption  was 
typically  5-6  liters  per  specimen  test. 

The  desired  45°  shear  failure  mode  was  reliably  obtained  after  several 
iterations  of  specimen  design.     The  two  final  configurations  are  shown  in 
Figure  3.     Specimens  of  square  cross  section,   embedded  in  6061-T6  aluminum 
end  capSf  proved  satisfactory  for  most  materials  and  orientations   (Figure  3 (a) ^ 
However,   the  very  high  compressive  strengths  developed  by  the  boron-reinforced 
materials  when  tested  along  the  fiber  direction  required  round  specimens  and 
stainless  steel  end  caps   (Figure  3   (b) ) .     Both  specimen  types  were  diamond 
ground  to  finished  dimensions  of  Figure  3. 

A  longitudinally-slit  tube,   having  an  i.d.  matching  the  o.d.  of  the  end 
caps,  was  used  to  align  and  support  the  specimens  during  room  temperature 
curing  of  the  epoxy  used  to  bond  the  specimens  into  the  end  caps.  Several 
conventional  types  of  epoxy  proved  satisfactory  for  this  application.  | 

J 

All  polymer-matrix  composites  were  environmentally  conditioned  for  a  [ 
minimum  of  40  hours  at  23  +  1°  C  in  50  +  10%  relative  humidity  prior  to 
testing.     The  boron/6061  aluminum  was  tested  in  the  as-fabricated  condition 
(F  temper)   without  additional  conditioning. 

A  universal  testing  machine  was  used  for  all  tests.  The  crosshead  speed 
was  0.10-0.13  cm  min~^  (0.04-0.05  in  min~l) ,  providing  a  strain  rate  of  0.06- 
0.08  min-1. 

Specimens  of  square  cross-section  were  instrumented  with  a  single  long- 
itudinal strain  gage.     On  transverse  specimens,   the  gage  was  always  on  the 
side  parallel  to  the  fiber  reinforcement.     The  initial  tangent  modulus  was 
obtained  from  load-displacement  traces  recorded  at  high  sensitivity  on  an 
x-y  plotter;  maximum  stress  was  limited  to  less  than  25%  of  the  ultimate 
strength.     Specimens  were  subsequently  compressed  to  failure  while  recording 
load  and  strain  at  lower  sensitivity.     The  strain  gage  typically  failed 
prior  to  specimen  fracture.     However,   simultaneous  load-time  traces  on  a 
strip-chart  recorder  permitted  calculation  of  overall  failure  strain. 

Strain  gages  were  not  used  with  specimens  of  round  cross  section. 
However,  the  compressive  moduli  of  these  specimens  were  calculated  from  the 
load-time  trace  of  the  strip  chart  recorder  using  the  procedure  described  in 
Appendix  I  . 
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2.3     Results  and  Discussion 


Individual  specimen  data  appear  in  Tables  2-5.     Table  6  presents  average 
values,  omitting  data  from  invalid  fractures  when  calculating  ultimate  strain 
and  strength.     The  inaccuracy  of  the  data  is  estimated  at  +  3%  for  ultimate 
strength,  +  10%  for  modulus  and  ultimate  strain,  and  +  20%~for  proportional 
limits     and  yield  strengths. 

The  maxima  of  the  compressive  ultimate  strengths  and  elongations  are 
presented  in  Table  7.     It  is  probable  that  the  values  in  this  Table  are  a 
better  reflection  of  the  true  ultimate  properties  of  the  bulk  composites  than 
are  the  average  values  of  Table  6.     Particularly  when  testing  in  the  uniaxial 
longitudinal  direction,  values  obtained  from  relatively  small  cross  section 
rod  specimens  are  probably  lower  due  to  premature  failure  in  other  than  pure 
compression. 

The  desired  shear  mode  of  compressive  failure  is  evident  in  the  frac- 
tures of  the  various  materials  illustrated  in  Figure  4. 

2.3.1  Compressive  Modulus 

The  compressive  moduli  of  the  boron-epoxy,  glass-epoxy  and  graphite- 
epoxy  materials  are  very  close  to  their  tensile  moduli  in  both  the  longitu- 
dinal and  transverse  directions.     In  contrast,  the  longitudinal  compressive 
moduli  of  the  boron-aluminum  composite  was  computed  to  be  30-80%  higher  than 
the  tensile  value,  while  the  transverse  compressive  moduli  was  computed  to 
be  10-30%  less  than  the  corresponding  tensile  value. 

The  authors  do  not  believe  that  the  compressive  moduli  calculated  for 
the  boron-aluminum  composite  represent  valid  material  properties.     An  average 
longitudinal       compressive  modulus  of     359  GN/m^      (52.1  X  10^  psi)  is 
hardly    realistic  for     a  composite     reinforced  with  50  v/o  of  boron 
which  itself  has  a  modulus  of  about  379  GN/m^   (55  X  10^  psi) .  Furthermore, 
preliminary  studies  of  the  elastic  constants  of  the  same  boron-aluminum 
composite  using  dynamic  resonance  techniques  indicate  that  the  average  of 
the  tensile  and  compressive  moduli  is  about  234  GN/m^   (34  X  10^  psi) ,  with 
a  small  temperature  sensitivity  on  cooling  to  cryogenic  temperatures ( 8 ) .  It 
therefore     appears  that  the  method  used  to  obtain  compressive  moduli  in  the 
present  work  is  invalid  for  boron-aluminum  composites.     We  do  not  know  the 
reason  for  this  discrepancy.     However,  until  the  problem  is  resolved,  the 
authors  suggest  that  tensile  moduli  values  be  used  to  approximate  compres- 
sive moduli  when  working  with  boron-aluminum  composites. 

The  longitudinal  compressive  moduli  of  the  boron-epoxy  and  glass-epoxy 
composites  increased  about  20%  on  cooling  to  4  K,  while  that  of  the  graphite- 
epoxy  composite  remained  relatively  unchanged.     A  much  larger  temperature 
dependence  of  modulus  was  observed  in  the  transverse  direction,  with  increases 
of  67%,   108%  and  178%  being  observed  for  the  graphite-epoxy ,  boron-epoxy, 
and  glass-epoxy,  respectively.     Similar  temperature  dependences  had  been 
previously  observed  for  the  tensile  moduli  of  these  materials. 

2.3.2  Compressive  Strength 

Present  data  suggest  that  boron-reinforced  composites  are  capable  of 
providing  longitudinal  compressive  strengths  approaching  3.4  GN/m^    (50  X 
10"*  psi)   at  4  K  in  the  absence  of  column  bending.     This  is  twice  the  tensile 
strength  at  that  temperature.     Conversely,  the  4  K  longitudinal  compressive 
strengths  of  the  glass  and  graphite-epoxy  composites  were  30-50%  lower  than 
their  4  K  longitudinal  tensile  strengths.     The  superior  ability  of  the  boron 
fibers  to  sustain  compressive  loads  is  clear. 

The  transverse  compressive  strength  of  all  four  composite  types  are 
substantially  higher  than  their  transverse  tensile  strengths.     This  is 
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particularly  noticeable  in  the  graphite-epoxy  composite. 

The  compressive  strength  of  the  boron-reinforced  composites  in  the  long- 
itudinal direction  appears  to  be  relatively  independent  of  temperature, 
although  present  data  are  incomplete.     However,  the  longitudinal  compressive 
strengths  of  the  glass-epoxy  material  is  very  temperature  dependent,  increas- 
ing by  180%  on  cooling.     A  25%  increase  in  strength  was  observed  for  the 
graphite-epoxy  on  cooling.     In  the  transverse  direction,  the  compressive 
ultimate  strength  of  the  boron-aluminum,  boron-epoxy,  and  glass-epoxy  increased 
by  100-170%  on  cooling.     However,  cooling  to  cryogenic  temperatures  decreased 
the  transverse  compressive  strength  of  the  graphite-epoxy  composite  by  about 
30%. 

2.4  Conclusions 

Commercial,  state-of-the-art  boronr6061  aluminum  and  boron-epoxy  compo- 
sites have  excellent  static  compressive  properties  at  cryogenic  temperatures. 
The  compressive  strength  is  particularly  outstanding,  approaching  3.4  GN/m^ 
(50  X  10^  psi)   in  the  uniaxial  longitudinal  direction  at  4  K.  Transverse 
compressive  strengths  of  620  MN/m^    (90  X  10-^  psi)    for  boron-aluminum  and  427 
MN/m2    (62  X  10"^  psi)    for  boron-epoxy  at  4  K  are  substantially  higher  than  in 
other  composite  systems.     The  compressive  strength  properties  of  the  boron- 
reinforced  materials  are  superior  to  the  already  high  tensile  strength  pro- 
perties at  all  cryogenic  temperatures.     With  a  modulus  of  206-240  GN/m^ 
(30-35  X  10^  psi),  the  boron-reinforced  composites  appear  to  be  excellent 
cryogenic  structural  materials. 

At  4  K,  NASA  Resin  2  epoxy  reinforced  with  S-901  glass  fibers  has  about 
half  the  compression  strength  of  the  boron  materials  in  both  the  longitudinal 
and  transverse  directions.  The  longitudinal  compressive  strength  of  this 
composite  is  30-60%  lower  than  the  corresponding  tensile  strength,  while  the 
transverse  compression  strength  is  100-200%  greater  than  in  tension.  Com- 
pressive moduli  increase  with  cooling,   attaining  about  62  GN/m^    (9  x  10^  psi) 
longitudinally  and  about  31  GN/m^    (4.5  X  10^  psi)    in  the  transverse  direction 
at  4  K. 


NASA  Resin  2  reinforced  with  Type  AS  graphite  fiber  had  the  lowest  com- 
pressive strength  of  the  composites  tested.     Uniaxial  longitudinal  strengths 
at  4  K  were  about  25%  of  that  of  the  boron  materials,  while  transverse 
strengths  averaged  about  130  MN/m^    (19  X  10-^  psi)  .     The  longitudinal  compres- 
sion modulus  of  about  117  GN/m^   (17  X  10^  psi)  was  about  the  same  as  the 
tensile  modulus. 

The  comparatively  poor  performance  of  the  graphite-epoxy  composite  in 
the  present  work  should  not  be  construed  as  indicating  a  general  inferiority 
of  this  type  of  composite  for  cryogenic  applications.     The  data  suggest  that 
an  incompatibility  may  exist  between  the  fiber  and  matrix  in  the  AS/NASA 
Resin  2  composite  selected  for  this  study. 

Present  data  indicate  that  the  compressive  and  tensile  moduli  of  the 
boron-epoxy,   graphite-epoxy  and  glass-epoxy  composites  are  substantially  the 
same  from  295  K  to  4  K.     In  view  of  the  experimental  difficulty,  there 
appears  to  be  little  justification  for  a  separate  determination  of  compres- 
sive moduli  if  tensile  moduli  are  available. 

We  conclude  from  this  study  that  the  compressive  moduli  of  uniaxial 
boron-6061  aluminum  composites  cannot  be  reliably  measured  by  the  procedures 
used  in  this  study,   even  though  such  procedures  were  satisfactory  for  the 
epoxy-matrix  composites. 


6 


3 . 0     Future  Work 


Phase  III  of  this  program  will  examine  the  extent  to  which  cryogenic 
temperatures  affect  the  wear-out  rate  of  boron-aluminum  and  boron-epoxy  com- 
posites under  tension-tension  fatigue.     Criteria  will  be  changes  in  specimen 
modulus  and  damping.     This  study  is  presently  under  way  using  composites  of 
[0/+  45/0] s  orientation  and  stacking. 
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Fixture  for  compression  testing  of  composites  at  cryogenic  temperatures. 

(a)  Specimen  with  end  caps 

(b)  Anodized  aluminum  compression  blocks 

(c)  Aluminum  alignment  sleeve 
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Specimen  configurations  used  in  determining  static  com- 
pressive properties  of  composites  at  cryogenic  temperatures 

(a)  Square  specimens   for  glass-epoxy,  graphite-epoxy 
and  transverse  boron-aluminum  and  boron-epoxy. 

(b)  Round  specimen  for  longitudinal  boron-aluminum 
and  boron-epoxy. 
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Table  1.     Composites  Tested  in  Comoression 

Average 
Nominal  Fiber 
Plate  Thickness    Ply  Thickness  Volume 
Composite  Type  (cm)  (in)        (cm)         (in)  Percent* 


5.6  mil  Boron-6061  Aluminum 
(condition  F) 

0 

373 

0 

147 

0 

0175 

0 

0069 

47 

5.6  mil  Boron-5505  Epoxy 

0 

345 

0 

137 

0 

0170 

0 

0067 

52 

S-901  Glass-NASA  Resin  2  Epoxy 

0 

462 

0 

182 

0 

0206 

0 

0081 

66 

Type  AS  Graphite-NASA  Resin  2  Epoxy 

0 

366 

0 

144 

0 

0193 

0 

0076 

64 

*  Plate-to-plate  variation  was  ♦  2%. 


Table  2.    Compressive  Properties  of  5.6  mil  Boron-6061  Aluminum  Comooslte^  (Individual  Specimens) 


Temperature 

Young's  Modulus 

•  I 

Prooortlonal 

Limit 

0.2X  Yield  Strength,  a'^^ 

Ultimate  Strength, 

0=" 

Ultimate 

(K) 

(10*  f/m 

2) 

(10" 

psi) 

(108  N/m2) 

(10^ 

psi) 

(108  N/„2) 

(103  psi) 

(108  N/m2) 

(10^  psi) 

Strain,  £<^" 

(%) 

Longitudinal  (0°) 

295 

221 

32 

0 

19 

2 

278 

1 

8 

295 

293 

42 

5 

15^ 

76 

311 

45 

1 

21 

7 

m. 

76b 

407  ' 

* 

59 

0  = 

* 

28 

7 

416 

0 

5'- 

4b 

335 

48 

6" 

28 

5 

413 

0 

6^= 

4b 

337 

48 

8  = 

26 

0 

377 

0 

5'= 

4b 

302*^ 

43 

8"= 

32 

6 

473 

0 

7" 

Trai 

averse  (90°) 

295"* 

150 

21 

2 

0.588 

8 

53 

1.43 

20.8 

2 

60 

37 

7 

0 

4  = 

295 

186 

27 

0 

0.545 

7 

97 

1.43 

20.7 

2 

54 

36 

8 

0 

4== 

295 

107 

15 

5 

0.594 

8 

61 

1.03 

15.0 

2 

59 

37 

5 

0 

5" 

76 

101 

14 

7 

0.833 

12 

1 

1.95 

28.4 

4 

56 

65 

2 

0 

6" 

76 

89 

* 

12 

9 

* 

0.818 

11 

9 

2.06 

30.0 

4 

45 

64 

6 

0 

8' 

76 

101 

14 

6 

0.967 

14 

0 

1.99 

28.9 

4 

50 

65 

3 

0 

9  = 

4 

123 

17 

8 

1.13 

16 

4 

2.82 

40.9 

6 

56 

95 

1 

0 

7'= 

4 

90 

13 

0 

1.11 

16 

0 

2.44 

35.3 

6 

29 

91 

2 

1 

2" 

4 

90 

13 

1 

1.01 

14 

6 

2.39 

34^7 

5 

83 

84 

5 

1 

0  = 

— 

^Square  specimens  except  as  marked. 
bRound  specimen. 

'Estimated  from  strip-chart  recording. 

''this  is  the  only  boron-aluminum  specimen  that  was  load  cycled. 


Underlined  values  represent  invalid  fractures. 
*  See  text  discussion  on  validity  of  these  values. 
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Temperature 

Elastic  Modulus,  E 

Proportional 

Limit , 

Pl 

0.2%  Yield  Strength,  a'^'' 

Ultimate  Strength, 

Ultimate 

(K) 

(109  N/in2) 

(10b  psi) 

(10^  N/[„2) 

(10-*  psi) 

(IQB  N/m2) 

(103  psi) 

(IO8  N/„2) 

(10^  psi) 

Strain, 
(%) 

Ltudinal  (0°) 

295^ 

186 

27 

0 

11 

8 

171 

0. 

_7 

190 

27 

6 

12 

9 

186 

0. 

8 

295b 

260 

37 

7 

14_ 

_1 

204" 

£ 

± 

763 

225 

32 

6 

22 

8 

331 

1 

1 

763 

234 

33 

9 

lO" 

2gT 

0. 

.8 

43 

239  . 

34 

13 

Q 

188 

4'= 

257  ^ 

37 

25 

"9 

375 

0 

233  ^ 

33 

19 

2 

278 

0 

4c 

291 

42 

2 

36 

6 

531 

0 

6'* 

Trai 

isverse  (0°) 

295a 

20.9 

3 

03 

0.  395 

5 

7 

1.78 

25.8 

2 

27 

32 

3 

1. 

6 

295a 

13.3 

2 

02 

0.975 

14 

1 

1 

41 

20 

5 

1 

6 

295b 

20.0 

2 

90 

0.715 

10 

4 

1.79 

25.9 

2 

10 

30 

5 

1. 

2 

295b 

.22.4 

3 

24 

0.790 

11 

4 

1.80 

26.1 

1 

96 

28 

4 

1 

4 

76^ 

38.7 

5 

62 

2.31 

33 

6 

4 

23 

61 

4 

1 

2 

76^ 

39.0 

5 

64 

1.9B 

28 

6 

3 

84 

55 

6 

0 

5 

763 

37.7 

5 

46 

1.66 

24 

1 

1 

80 

26 

1 

0 

5 

76'' 

39.5 

5 

74 

2.72 

39 

5 

4 

56 

66 

2 

1 

5 

76b 

41.4 

5 

99 

3.38 

49 

0 

4 

36 

63 

1 

1. 

1 

4b 

42.8 

6 

20 

4 

24 

61 

4 

1 

1 

4b 

37.8 

5 

49 

1 

67 

24 

2 

0 

4 

4b 

41.3 

5 

98 

or 

65 

5 

1 

1 

4b 

39.4 

5 

71 

4.08 

59 

2 

0 

9 

^  Rectangular  specimen. 
^  Square  specimen. 
^  Round  specimen. 

Estimated    from  strip-chart  recording. 


Underlined  values  represent  invalid  fractures. 


Table  4.     Compressive  Properties  of  S  Glass-NASA  Resin  2  Composite  (Individual  Soecimens) 


Temperature 

Elastic  Modulus 

Proportional 

Limit 

0.2%  Yield  Strength,  a'^^ 

Ultimate  Strength, 

0^" 

Ultimate 

(K) 

(109  N/n2) 

(106  psi) 

(108  N/m2)  1 

(10^  psi) 

(10° 

N/m2) 

(10^  psi) 

(10»  N/„2) 

(103  psi) 

Strain, 
(%) 

Longi 

tudinal 

(0°) 

295 

40 

4 

5 

87 

1.36 

19 

8 

4 

72 

68 

5 

1 

2 

295 

59 

2 

8 

44 

0.93 

13 

5 

5 

62 

81 

6 

1 

3 

295 

53 

2 

7 

71 

3.14 

45 

6 

4 

75 

68 

8 

0 

9 

76 

69 

7 

10 

1 

1.78 

25 

8 

7 

32 

106 

16 

5 

239 

3 

0 

76 

64 

2 

9 

3 

3.24 

47 

0 

9 

87 

143 

13 

4 

195 

2 

5 

76 

72 

5 

10 

5 

3.07 

44 

4 

10 

3 

150 

1 

5 

76 

48 

6 

7 

0 

4.47 

64 

8 

7 

03 

102 

14 

0 

203 

2 

53 

4 

53 

8 

7 

81 

2.44 

35 

3 

9 

08 

132 

14 

1 

204 

1 

5 

4 

63 

0 

9 

13 

3.81 

55 

2 

7 

56 

110 

15 

4 

224 

2 

63 

4 

64 

7 

9 

38 

3.11 

45 

1 

13 

1 

190 

1 

83 

Trans 

verse  (90°) 

295 

11 

7 

1 

70 

0.550 

7 

97 

0.733 

10.6 

0 

962 

13 

9 

3 

4 

295 

12 

3 

1 

78 

0.310 

5 

51 

0.753 

10.9 

0 

935 

13 

6 

2 

6 

295 

9 

8 

1 

42 

0.422 

6 

12 

0. 

703 

10.2 

1 

052 

15 

3 

3 

4 

76 

19 

8 

2 

87 

0.92 

13 

4 

2 

35 

34 

0 

0 

7 

76 

26 

0 

3 

77 

1.31 

19.0 

2 

«4 

41 

2 

1 

1 

76 

22 

7 

3 

29 

1.19 

17.2 

3 

11 

45 

1 

0 

9 

4 

27 

2 

3 

95 

2 

76 

40 

0 

1 

1 

4 

39 

4 

5 

71 

2 

99 

43 

4 

0 

8 

4 

27 

3 

3 

96 

2 

13 

30 

9 

0 

7 

Estimated  from  strip  chart  recording . 
All  square  (pacimens 
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Table  5.     Compressive  Properties  of  Type  AS  Graphite-NASA  Resin  2  ComDosite  (IndiviHual  Specimens) 


Temperature 

Elastic  Ml 
(109  N/„2 

}dulus 

(10^ 

psi) 

ProDortlonal 
(10^  N/„2) 

Limit, 

(10^  psi) 

0.2%  Yield  St 
(I08  N/m2) 

rength,  0*^^ 
(103  psl) 

Ultimate  Stn 
(108  N/m2) 

jngth,  a"^" 
(103  psi) 

Ultimate 
Strain  e'^" 

d) 

Longi 

tudinal  (0°) 

295 

137 

19 

8 

2 

25 

32 

6 

5 

61 

81 

2 

0.5 

295 

125 

18 

1 

2 

66 

38 

6 

4 

96 

71 

9 

0.4 

295 

125 

18 

2 

3 

55 

51 

5 

5 

38 

78 

0 

0.4 

76 

115 

16 

7 

4 

54 

65 

9 

7 

95 

115 

0.8 

76 

97 

14 

1 

4 

75 

69 

0.5 

76 

110 

16 

0 

3 

95 

57 

3 

6 

72 

97 

0.7 

76 

141 

20 

4 

5 

04 

73 

1 

12 

29 

178 

1.0 

4 

109^ 

15 

8* 

8 

83 

128 

0.7* 

4 

124 

18 

0 

3 

70 

53 

7 

5 

87 

85 

0.6 

4 

125 

18 

2 

3 

77 

54 

7 

5 

99 

87 

0.8 

Transverse  (90°) 

295 

9 

09* 

1 

32* 

0 

90* 

13 

0* 

1 

04 

15 

1 

0.8* 

295 

9 

99a 

1 

45* 

0 

583 

8 

4a 

0 

91 

13 

2 

0.8a 

295 

9 

91* 

1 

44* 

0 

71 

10 

3 

0.6* 

76 

16 

6 

2 

41 

1 

16 

16 

8 

1 

51 

21 

9 

1.1 

76 

13 

1 

1 

89 

0 

80 

11 

5 

1 

25 

18 

1 

1.0 

76 

16 

1 

2 

34 

0 

90 

13 

1 

1 

33 

19 

3 

0.9 

4 

18 

8 

2 

72 

0 

660 

9 

58 

1 

00 

14 

4 

0.5 

4 

14 

4 

2 

09 

0 

723 

10 

48 

1 

50 

21 

8 

1.0 

4 

15 

3 

2 

22 

0 

647 

9 

39 

1 

43 

20 

7 

0.9 

*  Estimated  from  strip-chart  recording. 


All  square  specimens 


IS 


'  Specijnens 
Valid 
Fractures 

o  rH  tn             (T,  m  m                     oom             <r      n                        -j- n             co  m  tn                     m  <r  m             c-i  cn  m 

0 

M  TI 

n;  cu 
j:^  4j 
e  cn 
3  oj 

Z  H 

^  O 
*J  > 

CO  CJ 

.-1                     rHrHCN                                                                                                                      ^CMCN                     HCMC^4                                 -HtMrH  ^r-tn 

•9.S 

to  ^ 

S            SSS                          S            SSS                  ddo            odd                   ddd  ddd 

OO                     OO.H                                              O                     rHr-ir-l                                 ^<N(N                     ddd                                 Ood  dr-Jd 

> 

in                fOeso^                                                   inoj(N                        (NOOro               <j-oo                        a^r^o-)  oocoo 
iH                r~i  ,-4  m                                 CNI               r^r^in                        doooo                dsrr-^                        r^d<r.  dd-H 
^                                                                                                                 fHrH                        nH.-t  <rrg-HrM 

O 
-  CO 

^  a- 
iJ 

atm 
c  o 

0)  iH 
H  '-^ 

jj 
w 

c»             oom                            o             ^-jcn                    c~^vDr--             ddd                     c^%o<r  cNr-I-;? 

^      _____            3      _____  -^^ 

Sl^             SSS                            ;J                                           dr-vo             <rdd                     cj^ino  (-j"dd 

01 

1^ 

c» 
q 

cn              oocn                               CO              ,-tcnoj|              inmrM               ocn**                      p-(rH\o  i-HiHcn 
cn                 OOO                                     OO                 OOO                           OcNiH                 OOO                           OfOi-l  OOO 

c-r-i            SSSS                          ^,            !Z!lf!SS                                        Sr^cn                   o>  m  o  ct>^d-4 

r--0                ^^'^                                                   r-(fSf-<                        o>OCN                (j>r^.o                        ^ovCT>  ojcncn 
S£              cvi^a-vo                               1--.              cN<r^                      dd^              dcNr-i                      dr-^d  dwrj 

^  _r-i_!H      

> 
u 

CO  00  <r                                           vo                                tn  CM  m 
1^  p^j  cyv                                               o                                   CT>  en 

-H                                                                                                                          fH  tH 

3 

u 

■H 
^  & 

c  o 
u  ^ 

cn  CD                                                   CM  ^ 
cn  o  cn                                        o                              cn  o 

_                                                                                                                         CM  rH 

00  rH  O                                                        0\  lO 

CO  o^                                                   in                                       H  o 

13 

•HfM 

>-  e 

CM 

•  00 
O  O 

§ 

3 

'                   cn  \o 

(N  O  <N 
OOO 

o  o  in 
n  o  in 

r^  d  d  ^ 

iH 
O 

d 

OS 

m 

mo  o 

H  rH  d 

o 

C4                 rn  CN 
O  cn  , 
•    •               •  c 

CO  00                   O  -H 
cn 

< 
o 

o 

0                      ^  w 

O                                     0                    C>  rH 

w                   o       .   .   •  m 

<r         >^  O 
rH                                     '  m 

CN 

^  C 
O                             O          r--  CX)  -rl 
^                          O         •     •  cfl 

D 

^  oi 

0  ^ 
O       r-rHOO         vDin  <; 
'        .    .    .      o        •    *  in 
-J-  in  CM       c3^       o^  <3 

rH          ^mCN)          ^         r-trH  Z 

(0                                     ..       ....  1 

O  ^ 
O        *CrHfO       O  i^r^O 
w          .     .     .        o  ... 

m  CN  rH         0^         O  CJ^ 
rH          fN   rH                 w         r-l  rH 
CO 

a 

D 

4-t  CO 

•g  ^ 

■rJrn 
-I  o 

rH  w 

CO 
C 

o 

1 

c 

o 

0 
03 

s 
m 

U                                   0)  1 
•rl                               CO  D 

•O                       Jj       ^  ^  ^  o 
3                     ttJ  ^- 

4-1                                  >         fy'i          O  O 
-H                               (fl           .     .     .  CQ 
60                              0              ^  ^ 

C                                       «  rH 

O                                  U         w  ^  ^.^^  -rl 

J                H  e 

<!■  r*. 
•      •      •  v£) 

(X)  CN  m 

rH  rH  in 

a                    OJ  ■< 

•H                               CO  W 

•a                             -V  < 

3                         0)  z 
u                       >      in  1 
•H                     m       •    •  0) 

C                         cd  C3 
O                               M  rH 
J         .                   H  O 

<r  o 

•     •  CO 

o  in 

B                            CI)  OJ 
•H                               CO  ■!-> 

3                                  OJ  CO 

4J      OOO      >      cNcr>  a 

•H          •     •     .         CO          •     •  <T3 

aor^vco       a      rHcs]  h 

C         tH  rH  rH          CO  CJ 
0         www           ^4  WW 

J                      H      tn  c/a 
cn  in  CN             in  in  <; 

•lO  in  in              <£)  >^  (D 
cN  <r  <r                 rH  a 
> 

C  0) 

•H  cn 

3                               CD  00 
•u       l-^o^^--        p  mr^in 
•H           ...         (fl  ... 
OO      CTir--o        C  mcNO 
C  CO 
O         www         U  www 
J                                  H  CN 

cy\  ^  <N                    c»  00 
o  m  ^             o  cn  cjv 

^  V£j   m                        rH  rH 

4-> 

CLCM 
p  Q 

00 

o 

r-^                                                                         fNJ                                                                          0^  rH 
OOO                                                              (N\0                                    rHrH-XJ                   OCM                                   ^OmO  (NrHO 
OOO                                                              OO                                    rHrHO                   OO                                   OOO  OOO 
vC                                                                            CT^  rH 

r-r^oo                                                   i-i                                  rH<3-cvj               u-i^                             cNrHro  ^mr^ 

inCOO                                                                      r^^vj-                                        OO-HrH                     <J-rH                                       OOmr-^  P^CT^^£' 
OOrH                                                                      OtN                                         rHPOfO                     OrH                                       CN-J-rO  OOO 

> 

00^0                   rHrgOO                              'X>C30<*O                   a^^C<r                               cTv  O                        \0^0-*                             <T  0\  rn  CSOO<^ 

u 

3  C 

3vO 
TJ  O 

O  rH 

E 

CJ 

-croooo               e»o^-                        OO^oo                inevjcn                         mirioo                rH-J-O                        o*£>(*i  oes<^ 

r^ff^CM                     U-lrHCN                                 vOOfO                     OOO                                   rHrHO                     OOrH                                 rHCM-H  OOO 

OCTi-*                                  -^fOP--                     fOrH-sT  OrH-a- 

rvlrHrH               cNrHvo                        oorgo               oo'.noo                         rocstp^               vofom                        r^oo-^  ^cMm 
r-»tNr-             rH'«d-<r                     ocnr^             cNinin                     r^cT>c30             rHro<f                     oo^or-  rHcsifsi 

n^in<t(NrHrH                                 mmm  rHrHrH 

-iH 
CO 

S 

o 

(— ;;  '      '  ' 

O^TPM                            ^Dr^o^                 fOrHO  ino>m 
rHOOO                   0^^0^                                   \C  \0                   -a-rHCsl                               OOuH                   rHH")!^                              P^OOOO  OfHCN 

mvOCM^rrH                                      -^rsl                                                    !                                     iH  rH 

rHfnm                     ovcom             roooro  r^f^<>i 

r--ONm                 OOrN-H                           <^^o^m                 0^0^0                            OfOO                 rHCMrH                           CnvOO  Oniti'^ 
iTimCN                   ■<fa\0                              iHtNiTl                   rHCO'^                               iTi^O*^                   rHCMfO                             tSiHCN  rHi-H 
CMfHrOrHrH                                 f>J<NeM  rHrHt-t 

s 

3 
w 

«  /-> 
U  M 

r 

ic%o<tf            tf>  *c                       m*-**            tns©-^                                         tn"*-"*                   m  ^  >t  u^so-^ 
escM.esiN                             psi                                                  cn  r«4 

16 


Table  7.     Compressive  Properties  of  Composites   (Maxima  of  Ultimate  Strength  Values) 


Temperature 
(K) 


Ultimate  Strength,  a^^ 
(108  N/n,2)  (io3 

psi) 


Ultimate 
Compression, 

 (%) 


Number  of 
Specimens 


295 
76 
4 


295 
76 
4 


295 
76 
4 


295 
76 
4 


295 
76 
4 


295 
76 
4 


295 
76 
4 


295 
76 
4 


5.6  mil  Boron-6061  Aluminum 


28.7 
32.6 


2.60 
4.56 
6.56 


36.6 


2.27 
4.56 
4.52 


5.62 
16.5 
15.4 


1.05 
3.11 
2.99 


Longitudinal  (0°) 


416 
473 


Transverse  (90°) 


37.7 
66.2 
95.1 


0.5 
0.7 


0.5 
0.9 
1.2 


5.6  mil  Boron-5505  Epoxy 
Longitudinal  (0°) 

531  0.6 
Transverse  (90°) 


32.3 
66.2 
65.5 


S  Glass-NASA  Resin  2 


1.6 
1.5 
1.1 


Longitudinal  (0°) 


81.6 
239 
224 


Transverse  (90  ) 


15.3 
45.1 
43.4 


1.3 
3.0 
2.6 


3.4 
1.1 
1.1 


Type  AS  Graphite-NASA  Resin  2 
Longitudinal  (0°) 


5.61 
12.3 
8.83 


1.04 
1.51 
1.50 


81.2 

178 
128 


Transverse  (90°) 


15.1 
21.9 
21.8 


0.5 
1.0 
0.8 


0.8 
1.1 
1.0 
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Appendix  I:     Calculation  of  Compressive  Moduli 


The  elastic  (Young's)  modulus,  E,  is  determined  from  a  stress-strain 
curve  by  the  relationship: 

Ae 


where  L  =  load,  A  =  specimen  cross-sectional  area  and  e  =  specimen  strain. 
If  the  only  available  record  of  the  test  is  a  strip  chart  trace  of  load  as 
a  function  of  time,  the  time  axis  must  be  calibrated  in  units  of  strain. 

For  an  infinitely  rigid  test  machine,  the  strain  would  be  given  by  the 
product  of  time  and  crosshead  speed  divided  by  the  specimen  gage  length.  In 
reality,  a  fraction  of  the  crosshead  motion  causes  strain  in  various  compo- 
nents of  the  load  train  other  than  the  specimen.     This  extraneous  strain  may 
be  accounted  for  if  one  knows  the  functional  relationship  between  incremental 
specimen  strain,  Ae,  and  incremental  strip-chart  time.  At: 


Ae  =  f(At)  (2) 


The  factor  f  is  a  function  of  both  the  spring  constant  of  the  loading 
system  and  of  specimen  stiffness,   E'A.     It  is  uniquely  defined  for  a  given 
specimen  and  load  train,   and  may  be  determined  by  comparing  a  strip-chart 
trace  with  a  load-strain  trace  recorded  concomitantly  from  a  strain-gaged 
specimen.     Specimens  of  differing  stiffness  yield  differing  f  factors, 
reflecting  differences  in  the  distribution  of  overall  strain  between  the 
specimen  and  the  load  train.     However,   if  f  factors  are  calculated  from  a 
large  number  of  specimens  which  vary  in  modulus  and  cross-sectional  area 
(but  are  of  identical  gage  length) ,  a  plot  of  f  versus  the    E"A  product 
provides  a  calibration  curve  for  the  test  system. 

Combining  Eqs.    (1)   and   (2)  yields: 


^       A   •  f(At) 


Since  AL,   At  and  A  are  known,   an  iterative  process  is  used  to  find  the 
correct  value  of  the  factor  f.     An  estimate  is  made  of  the  modulus,  the 
E'A  product  is  calculated,  and  the  corresponding  f  value  is  determined  from 
the  calibration  chart.     This  value  is  substituted  in  Eq.    (3).     A  few  itera- 
tions suffice  to  narrow  estimated  and  calculated  moduli  to  within  +  10%, 
which  appears  to  be  a  reasonable  limit  of  accuracy  for  this  method. 

The  same  f  value  may  be  used  to  estimate  the  fracture  strain  from  the 
time  scale  of  a  load-time  trace. 

It  is  also  possible  to  estimate  the  ultimate  strain  from  the  total  test 
time  using  Eq.    (2) .     In  those  cases  where  a  strain  gage  was  applied  but  failed 
before  specimen  fracture,  a  comparison  of  the  initial  linear  portion  of  the 
load  time  curve  with  the  modulus  from  the  load-strain  curve  yields  an  f  value 
from  Eq.    (3)   without  recourse  to  the  calibration  curve  or  any  iterations. 
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Reinforced  Structural  Composites  at  Cryogenic  Temperatures -2: 
_  Advanced  Composites/'  Cryogenics  15(12),  pp.  701-722  (1,975). 

The  low-temperature  mechanical  and  thermal  properties  of  advanced-fibre  reinforced 
structural  composites  are  reviewed.  The  magnitude  and  range  of  particular  properties 
are  discussed  with  respect  to  composite  type  and  temperature.  A  property— material 
cross  reference  is  given  with  a  128-entry  bibliography.  This  is  Part  2  of  a  two-part 
series.  Part  1  considered  glass-reinforced  composites. 


Mechanical  and  thermal  properties  of  filamentary- 
reinforced  structural  composites  at  cryogenic 
temperatures 

2:  Advanced  composites 

M.  B.  Kasen 


Nomenclatu  re 

0tU 

tensile  ultimate  strength 

^1 

imti^il  tpncilp  mrvnlililc 

E\ 

secondary  tensUe  modulus 

tensile  ultimate  strain 

flexural  ultimate  strength 

initial  flexural  modulus 

secondary  flexural  modulus 

compressive  ultimate  strength 

compressive  modulus 

compressive  ultimate  strain 

a" 

interlaminar  shear  strength 

fatigue  strength 

(jby 

bearing  yield  strength 

bearing  ultiinate  strength 

a' 

impact  strength 

X 

thermal  conductivity 

MIL 

tliermal  contraction  (expansion) 

Cp 

specific  heat  at  constant  pressure 

P 

density 

This  review  has  four  main  objectives:  (a)  to  give  the  designer 
some  idea  of  the  general  magnitude  of  property  values  which 
can  reasonably  be  expected  from  a  given  category  and  class 
of  advanced-fibre  composites  within  the  cryogenic  range; 
fb)  to  provide  insiglit  into  the  ranking  of  specific  composite 
classes  with  regard  to  a  specific  property;  and  (c)  to  allow 
liim  to  assess  whether  the  property  of  interest  is  likely  to 
increase,  remain  unaffected,  or  decrease  with  lowering  of 
temperature.  Readers  with  more  specific  interests  are 
referred  to  the  Bibliography  and  Bibliography-Property 
Cross  Reference  for  retrieval  of  specific  documents.  The 
Bibliography  in  this  report  is  similar  to  that  in  Part  1  and 


The  author  is  in  the  Cryogenics  Division,  NBS  Institute  for  Basic 
Standards,  Boulder,  Colorado  80302,  USA.  Received  16  June  1975. 


includes  references  to  both  the  glass  and  advanced- fibre 
reinforced  composite  literature.  The  scope  of  the  literature 
survey  has  already  been  described  in  Part  1  (CRYOGENICS 
Vol  15,  No  6  (June  1975)  pp  327-49) 

We  define  a  composite  category  by  the  general  reinforcement 
type,  for  example,  glass-fibre  or  advanced- fib  re  (graphite, 
boron,  etc).  We  subdivide  the  category  into  composite 
classes  by  the  general  matrix  type,  for  example,  glass- 
polyester  or  graphite-epoxy.  We  subdivide  the  class  by  re- 
ferring to  a  composite  type  when  a  specific  reinforcement/ 
matrix  combination  is  specified,  for  example,  HT-S/X-904 
epoxy. 

The  term  'advanced-fibre'  is  used  to  distinguish  fibres  having 
high  modulus  (20-70  x  10^  lb  in'^,  138-483  GPa)  in  con- 
trast to  the  relatively  low  modulus  of  glass  fibre  (10  x  10^ 
lb  in'^,  69  GPa).  Fibres  of  boron,  graphite  or  proprietary 
organic  type  dominate  the  advanced-fibre  field. 

Several  differences  will  be  noted  between  the  presentation  of 
the  data  in  this  work  and  in  Part  1.  First,  because  of  the  wide 
variation  in  properties  among  the  advanced  fibres  (and,  there- 
fore, among  the  composites  in  which  they  are  used),  separate 
data  are  presented  on  each  specific  reinforcement  type. 

Secondly,  as  no  data  were  available  on  woven-cloth  advanced- 
fibre  composites  at  cryogenic  temperatures,  present  data  are 
restricted  to  uniaxial  longitudinal  and  uniaxial  transverse 
layups.  Thirdly,  the  overwhelming  majority  of  the  relevant 
data  for  advanced-fibre  polymeric  systems  are  reported  for 
epoxy  matrices,  in  contrast  to  the  variety  of  polymeric  mat- 
rices for  which  data  were  available  in  glass-reinforced  systems. 
Finally,  data  are  presented  for  advanced-fibre  reinforcement 
of  a  metal  matrix  (aluminium). 

A  more  subtle  difference  in  the  present  work  is  the  separ- 
ation of  static  mechanical  properties  into  primary  and  secon- 
dary categories.  The  former  category  distinguishes  those 
properties  useful  in  design  calculations,  while  the  latter  dis- 
cusses properties  more  qualitative  in  nature,  which  are  pri- 
marily useful  in  quality  control  or  for  comparative  perform- 
ance screening  of  composites. 

In  other  respects,  the  data  presentation  follows  that  used  in 
Part  1,  that  is,  hterature  property  values  are  presented  in 
graphical  form  as  a  function  of  temperatures  at  295  K,  200  K, 
77  K,  20  K,  and  4  K.  The  absence  of  a  data  point  for  a 
given  temperature  indicates  failure  to  find  significant  data. 
References  are  given  for  each  plotted  curve. 
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Curves  presenting  data  averaged  from  several  sources  may 
have  a  considerable  scatter  band  associated  with  them.  We 
discuss  the  range  of  values  associated  with  such  curves  and 
emphasize  those  specific  types  for  which  the  best  values  were 
reported. 

The  complexity  of  the  subject  and  the  necessity  of  a  cut-off 
data  for  data  acquisition  makes  it  unavoidable  that  some  data 
worthy  of  inclusion  have  been  inadvertently  overlooked.  The 
author  would  appreciate  having  such  omissions  brought  to 
his  attention.  The  author  also  wishes  to  emphasize  that  the 
data  presented  in  this  review  reflect  the  published  results  of 
the  cited  authors.  These  data  have  not  been  experimentally 
verified  by  NBS,  and  the  conclusions  and  evaluations  present- 
ed herein  do  not  imply  approval,  endorsement,  or  recommen- 
dation of  any  commercial  product  by  NBS. 

There  exists  no  universally  accepted  method  of  determining 
many  of  the  reported  properties.  It  is  not  easy  to  obtain 
valid  uniaxial  longitudinal  tensile  fracture  because  of  the 
difficulty  of  transferring  the  tensile  load  from  the  specimen 
grips  into  the  fibres  of  the  specimen  without  introducing 
excessive  localized  stress  concentrations.  Problems  also  arise  , 
in  uniaxial  longitudinal  compression  testing  where  an  un- 
supported specimen  may  fail  by  the  'brooming'  of  its  ends 
or  by  column  buckling.  However,  such  premature  failures 
result  in  property  values  lower  than  the  true  values  and  tend 
to  bias  the  data  accordingly. 

The  discussion  of  properties  of  the  composites  included  in 
this  review  does  not  take  into  consideration  the  effect  of 
variations  in  fibre  resin  ratio  among  specific  types  of  com- 
posites and  test  specimens.  Boron-reinforced  composites 
normally  contain  an  0.45—0.50  fibre  resin  ratio  volume,  while 
composites  reinforced  with  graphite  or  organic  fibre  conven- 
tionally have  an  0,50—0.65  ratio.  Composite  properties  are 
strongly  influenced  by  this  ratio.  Controlled  variations  in 
many  of  the  properties  are  obtainable  in  practice  by  specific 
variation  of  the  fibre  content  of  the  composites.  The  property 
data  discussed  in  this  paper  reflect  values  and  trends  reported 
for  composites  containing  of  the  order  of  50%  fibre  volume. 
However,  the  reader  must  refer  to  the  literature  for  specific 
composite  data. 

Finally,  the  reader  should  be  aware  that  composite  techno- 
logy is  developing  so  rapidly  that  some  of  the  data  presented 
in  this  review  may  not  reflect  the  current  state  of  the  art. 
Recent  introduction  of  new  reinforcing  fibres,  improvements 
in  composite  fabrication  techniques  and  refinement  of  test 
methods  have  resulted  in  overall  improvement  in  both  the 
level  and  the  consistency  of  composite  mechanical 
properties. 

For  the  reader  unfamiliar  with  the  development  of  advanced 
.  composite  technology,  it  will  be  useful  to  establish  a  per- 
spective on  the  field.  The  two  primary  reinforcement  sy- 
stems are  boron  filaments  produced  by  vapour  deposition  of 
boron  on  a  very  fine  tungsten  wire  substrate  and  graphite 
^ibre  produced  by  graphitization  (pyrolysis)  of  an  organic 
precursor  fibre.  Additionally,  a  proprietary  aromatic  poly- 
amide  organic  fibre  commercially  called  Kevlar  49  (PRD  49) 
is  currently  receiving  attention.  The  boron  filaments  were 
initially  produced  at  4  mil  (1  mil  =  25.4  /xm)  diameter;  how- 
ever, 5.6  mil  diameter  filaments  are  now  widely  used.  Boron 
fibre  coated  with  a  thin  layer  of  silicon  carbide,  produced 
under  the  trade  name  of  Borsic,  is  reported  to  have  improved 
interfacial  bonding  to  certain  matrix  types.  The  graphite 
fibre  is  much  more  complex,  as  it  is  not  only  possible  to 


produce  such  fibres  from  different  precursor  materials  (the 
two  most  common  being  rayon  and  polyacrylonitrUe  (PAN)), 
but  it  is  also  possible  to  vary  the  production  process  to  pro- 
duce fibres  differing  greatly  in  modulus  and  strength.  As 
the  properties  obtainable  with  graphite  reinforcement  may 
approach  those  with  boron  reinforcement  at  a  somewhat 
lower  cost,  development  of  graphite  fibres  has  proceeded  at 
a  very  rapid  rate.  Today  the  user  is  confronted  with  an 
abundance  of  fibre  choices,  many  of  which  are  not  well 
characterized  and  many  of  which  will  disappear  to  be  replac- 
ed by  newer  types.  At  the  present  time,  the  potential  user  of 
these  materials  would  be  wise  to  restrict  his  interest  to  those 
types  whose  behaviour  is  reasonably  well  known,  barring 
compelling  reasons  for  doing  otherwise. 

Graphite  fibres  may  be  produced  with  elastic  moduli  varying 
from  25-75  x  10^  lb  in^  (170-500  GPa),  with  strengths 
varying  inversely  to  moduli.  In  the  present  report,  these 
fibres  are  classified  according  to  low,  medium  or  high  modu- 
lus, the  differentiation  being  <  40, 40-60  and  >  60  x  10^ 
lb  in-2 ,  respectively  (<  275,  275-41 5,  and  >  4 1 5  GPa). 

As  composites  are  frequently  used  where  weight  is  critical  or 
where  high  specific  strengths  are  required,  typical  composite 
densities  have  been  summarized  in  Table  1. 

Primary  static  mechanical  properties 

The  key  static  mechanical  properties  required  for  preliminary 
design  calculations  with  composites  are:  uniaxial  longitudinal 
and  transverse  tensile  and  compressive  ultimate  strengths; 
uniaxial  in-plane  shear  ultimate  strength;  and  ultimate  strains 
in  the  uniaxial  longitudinal  and  transverse  directions.  Key 
elastic  properties  are  uniaxial  tensile  and  compressive  moduli 
in  the  longitudinal  and  transverse  direction,  uniaxial  in-plane 
shear  moduli  and  Poisson's  ratios  in  the  longitudinal  and 
transverse  uniaxial  direction  (see  reference  124,  Vol  1, 
Design).  The  literature  data  available  on  these  key  proper- 
ties for  composites  within  the  cryogenic  range  are  far  from 
complete,  and  in  some  cases,  non-existent.  Nevertheless, 
available  data  provide  a  feel  for  the  magnitude  and  temper- 
ature dependence  of  many  key  properties  and  serve  to  define  , 
areas  in  which  further  data  are  required. 

For  most  mechanical  properties,  the  data  for  the  graphite- 
reinforced  composites  have  been  separated  from  that  of  the 
other  advanced  composites,  that  is,  those  reinforced  with 
boron  or  PRD  49  (Kevlar  49).  This  reflects  the  larger 
amount  of  available  data  on  the  graphite-reinforced  materials 

Table  1.  Typical  composite  densities 


Composite 
system 


Fibre/resin 
ratio 


Density,  lb  in'^ 
(g  cm"3) 


s-glass-epoxy  0.60—0.67 

Kevlar  49-epoxy  0.60-0.65 

Boron-epoxy  0.55 

Graphite-epoxy  0.55—0.60 

Boron-aluminum  0.50 
(4  mil) 


0.068-0.074 
(1.87-2.04) 

0.047-0.050 
(1.3-1.38) 

0.070-0.074 
(1.93-2.04) 

0.050-0.055 
(1.38-1.52) 

0.10  (2.62) 
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Fig.1  Ultimate  tensile  strength,  a*",  of  graphite-epoxy 
composites 


a  -  Uniaxial  lonqitudinal:  1  -  Thornel  75  ^' ;  2  -  GY-70 
*"';4  -  HMG  -  50  '°;5  -  MH-S  '°; 

4^ 


3  -  Thornel  50 

6  -  Modmor  I  * :  7  -  Samco  320  ° :  8  -  Thornel  25  '  , 
9  -  HT-S  9,10,13,13.2,58.  -,0  -  Modmor  II  ^  11  -  HMG-25 
b  -  Uniaxial  transverse:  1  -  Thornel  75/ERLB  461  7  ; 
2a  -  HT-S/NASA  Resin  2  '°;  2b  -  HT-S/4617  (modified) 
2c  -  HT-S/X-904 


and  the  large  variety  of  graphite  fibres  for  which  data  have 
been  pubUshed. 

Composite  tensile  strength 

Fig.l  summarizes  the  available  data  on  the  temperature  depen- 
dence of  the  ultimate  tensUe  strength  of  graphite-reinforced 
epoxy  composites  from  room  temperature  into  the  cryogenic 
temperature  range  for  the  uniaxial  longitudinal  and  uniaxial 
transverse  orientations.  A  surprisingly  large  amount  of  cryo- 
genic data  were  found  in  the  literature  for  graphite-reinforced 
materials  -  58  separate  reports  of  test  data,  each  report  being 
the  average  of  several  tests  on  a  given  composite.  Undoubted- 
ly, this  large  effort  reflects  the  desire  to  exploit  the  relatively 
low  cost  of  graphite  fibres. 

The  available  data  summarized  on  Fig.l  indicate  that  graphite- 
reinforced  epoxy  composites  may  suffer  significant  strength 
losses  upon  cooling  to  77  K,  and  as  was  observed  with  the 
glass-reinforced  materials  in  Part  1 ,  the  strength  behaviour 
below  77  K  appears  to  become  erratic. 

Fig. la  indicates  that  the  uniaxial  tensile  strength  obtainable 
m  graphite-reinforced  composites  is  about  30%  of  that  ob- 
tainable with  glass-fibre  reinforcement  in  the  cryogenic  range. 
The  ultimate  tensile  strength  of  composites  tested  in  the  un- 
iaxial longitudinal  mode  should  be  fibre  controlled;  hence, 


the  tensile  strengths  should  inversely  follow  the  modulus  of 
the  fibre.  This  trend  is  not  reflected  in  the  data  of  Fig. la  - 
indeed  the  averaged  data  indicate  the  converse;  higher 
strengths  are  associated  with  higher  modulus  fibres  and 
lower  strengths  with  lower  modulus  fibres.  However,  a  more 
detailed  examination  of  the  data  averaged  into  these  curves 
shows  that  the  expected  correlation  does  exist  if  one  con- 
siders only  the  highest  strength  values  reported  for  each 
modulus  range.  Thus,  the  higliest  overall  ultimate  strength 
at  77  K  was  147  x  lOMb  in'^  (1.01  GPa)  reported  for  the 
low  modulus  HT-S  graphite  fibre  in  X-904  resin.  The 
next  highest  was  130  x  10^  lb  in'^  (0.90  GPa)  reported  for 
HMG-50  in  a  flexibilized  epoxy  matrix  '°  for  Modmor  I  and 
for  Samco  360  in  modified  ERL  1 1  56,^  all  medium  modulus 
fibres,  while  126  x  10^  lb  in"^  (0.87  GPa)  was  the  maximum 
reported  for  the  high-modulus  Thornel  75  fibre  in  ERLB 
4617.5'  This  suggests  that  the  higher  strengths  normally 
associated  with  the  lower  modulus  fibres  may  have  been 
lost  in  the  averaging  process  due  to  variations  in  composite 
quality  or  perhaps  due  to  difficulties  in  obtaining  valid  ten- 
sile fractures.  Additional  evidence  that  the  test  method  is 
capable  of  affecting  the  results  is  found  in  the  work  of 
Larsen  and  Simon     who  report  almost  diametrically 
opposite  temperature  dependence  of  the  ultimate  tensile 
strength  for  NASA  Resin  2  and  ERLB  4617  epoxy  rein- 
forced with  HT-S  fibre  when  each  was  tested,  first  as  flat 
tensUe  coupons  and  subsequently  as  NOL  (Naval  Ordnance 
Laboratory)  ring  specimens.  NASA  2  resin  is  a  bisphenol 
A  epoxy  system  modified  for  low  temperature  flexibility  by 
means  of  a  long-chain  anhydride  and  a  high  molecular  weight 
tricarboxy  acid.  This  resin,  consisting  of  Epon  828/DSA/ 
Empol  1040/BDMAin  proportions  100/115.9/20/1  pbw, 
was  developed  by  Soffer  and  Molho  ^  under  NASA 
Sponsorship. 

The  uniaxial  longitudinal  tensile  strength  data  for  other  types 
of  advanced  composites  are  presented  in  Fig.2a.  The  data 
for  PRD  49-epoxy,  boron-epoxy,  boron  (Borsic)-aluminium, 
stainless  steel-aluminium,  and  the  hybrid  Borsic-steel- 
aluminium  and  Borsic-titanium-aluminium  composites  all 
have  higlier  absolute  values  of  tensile  strength  and  retain 
their  strength  to  lower  temperatures  than  do  the  graphite- 
reinforced  composites.  Data  for  Borsic  and  boron-fibre 
composites  have  been  combined  except  where  differences 
in  reported  values  justified  separating  the  data.  The  hybrid 
Borsic-steel-aluminium  (6061)  composite  contained  4.2  mU 
Borsic  fibres  in  the  tensUe  direction  and  stainless  wires  in  the 
transverse  direction.  The  hybrid  Borsic-titanium-aluminium 
(6061)  composite  contained  4.2  mil  Borsic  fibres  in  the  ten- 
sile direction  with  j3-3Ti  foil  interleaved  between  the  boron 
lamellae.'^  While  the  latter  two  composites  are  not  strictly 
uniaxial,  they  have  been  included  to  illustrate  the  interesting 
possibilities  of  hybrids. 

The  magnitude  and  temperature  dependence  of  the  ultimate 
tensile  strength  of  the  graphite  HT-S/polyimide  (Skybond 
703)  material  were  comparable  to  that  of  the  graphite- 
epoxies.  A  very  sharp  rise  in  strength  on  cooling  was  re- 
ported for  the  HT-S/epoxy-phenolic  (HT424  Primer). 

The  stainless  steel  reinforced  composite  contained  NS-355 
stainless  wires  in  a  2024  aluminium  alloy  matrix.  This  type 
of  composite  is  available  commercially  on  special  order; 
however,  it  has  not  received  wide  acceptance  in  view  of  the 
wider  availability  of  boron-reinforced  aluminium,  which  has 
similar  strength  properties. 

Boron-aluminium  composites  are  available  commercially  with 


CRYOGENICS  .  DECEMBER  1975 


21 


703  ! 


0  50  100  150         200        250  300 

Temperoture ,  K 


Fig. 2  Ultimate  tensile  strength,  a  ,  of  miscellaneous  advanced 
composites 

a  -  Uniaxial  longitudinal:  1  -  PRD  49-1 /epoxy 

o      u  13  22  47  53  58  81    T      lit  o  /     i       j  13 

2  —  boron-epoxy     .    ■    .    /  °.    ;  3  —  HT-S/polymide  ; 

4  —  HT-S/epoxy-phenolic       5  —  boron-aluminium  (6061 ) 
6  —  Borsic-steel-aluminium  (6061)'^;  7  —  Borsic-titanium- 
aluminium  (6061 )    ;  8  —  stainless  steel-aluminium  (2024)^.^"* 
b  —  Uniaxial  transverse:  1  -  boron-epoxy         ;  2  -  boron- 
aluminium  (6061 )      3  —  Borsic-titanium-aluminium 


either  4  or  5.6  mil  boron  or  Borsic  reinforcement,  while  8 
mil  boron  fibers  are  currently  being  studied.  Available  liter- 
ature values  of  uniaxial  tensile  strength  at  77  K  ranged  from 
163-202  X  103  lb  in-2  (1.12-1.39  GPa),  with  highest  values 
reported  for  5.6  mil  Borsic/6061.'3  Data  were  not  available 
for  any  other  aluminium  alloy  matrix.  Boron-epoxy  com- 
posites containing  either  4  mil  or  5.6  mil  fibre  are  commer- 
cially available  in  the  form  of  prepreg  tape,  that  is,  with  the 
plastic  matrix  partially  cured  to  facilitate  component  fabric- 
ation and  to  improve  composite  quality.  The  literature  values 
for  boron-epoxy  composites  tested  in  the  longitudinal  dir- 
ection at  77  K  varied  from  167-226  x  10^  lb  in-2(1.15-1.56 
GPa),  the  highest  value  being  reported  for  the  commercial 
SP-272  product.' 3 

PRD  49  (Kevlar  49)  is  a  relatively  new  type  of  organic  fibre. 
Present  data  indicate  that  this  fibre  in  an  epoxy  matrix  is 
capable  of  developing  tensile  strengths  at  cryogenic  temper- 
atures comparable  to  that  developed  with  the  graphite 
fibres.  Hoggatt     reports  NOL  ring  ultimate  strengths  of 
146  x  10Mb  in-2  (1.0  GPa)  for  PRD  49-1  in  a  NASA  Resin 
2  matrix  and  183  x  10^  lb  in'^  (1.26  GPa)  in  an  ERLB 
4617  matrix  at  20  K.  There  is  some  evidence  of  a  slight 
decrease  in  strength  on  cooling  to  77  K;  however,  available 
data  indicate  that  the  ultimate  tensile  strength  of  this 


material  is  relatively  independent  of  temperature  within  the 
cryogenic  range. 

The  hybrids  Borsic-steel-aluminium  and  Borsic-titanium- 
aluminium  complete  the  group  of  advanced  composites  that 
has  reasonably  high  strength  in  uniaxial  tension.  The  some- 
what lower  strength  of  these  hybrids,  compared  to  the  con- 
ventional boron-aluminium  composite,  reflects  the  reduced 
density  of  boron  fibres  in  the  loading  direction. 

Metal-matrix  composites  are  clearly  superior  to  polymer- 
matrix  composites  in  transverse  mechanical  properties.  As 
seen  in  Fig.2(b),  the  ultimate  uniaxial  transverse  tensile 
strength  of  boron/6061  aluminium  is  about  50%  higher  than 
that  of  boron-epoxy.  Addition  of  titanium  foil  to  the  boron- 
aluminium  further  increases  the  transverse  strength  at  295  K 
and  200  K;  however,  the  effect  appears  to  diminish  rapidly 
as  the  material  is  cooled  to  77  K.  While  the  transverse 
strength  of  the  conventional  boron-epoxy  composite  is 
much  lower  than  that  of  the  metal-matrix  materials,  values 
are  still  in  excess  of  those  developed  with  the  graphite  fibre 
reinforcement. 

The  boron/6061  aluminium  data  reviewed  here  reflects  the 
as-fabricated  (F)  condition.  Solution-treating  and  aging  the 
composite  increase  the  transverse  ultimate  strength  by  about 
30%,  with  a  slight  decrease  in  transverse  ductility. 

The  literature  reported  a  77  K  transverse  ultimate  strength  of 
14.2  X  lOMb  in-2  (97  MPa)  for  4.2  mil  Borsic/6061  alumin- 
ium and  a  somewhat  higher  value  of  24.9  x  10^  lb  in"^  (172 
MPa)  for  5.6  mil  boron  reinforcement. It  is  also  probable 
that  this  strength  difference  is  real;  however,  available 
data  13'126  jIjq  indicate  that  the  observed  difference  may 
be  due  to  residual  stresses  inherent  in  the  small  diameter 
fibre  rather  than  to  the  presence  or  absence  of  a  silicon  car- 
bide coating.  The  reader  is  referred  to  the  section  on  ultim- 
ate tensile  strain  for  further  discussion  of  this  subject. 

Composite  tensile  modulus 

The  primary  reason  for  development  of  advanced  composites 
is  the  high  modulus  obtainable  with  the  newer  types  of  fibre 
reinforcement.  In  contrast  to  a  maximum  of  about  10  x  10' 
lb  in'^  (69  GPa)  for  glass-reinforced  composites  in  the  fibre 
direction.  Figs  3a  and  4a  show  that  modufi  ranging  from 
30-40  x  10^  lb  in-2  (207-276  GPa)  are  obtainable  with 
several  of  the  advanced  fibre  composites.  Thus,  while  glass- 
reinforced  composites  may  at  their  best  equal  the  modulus 
of  aluminium,  the  modulus  of  composites  using  advanced 
fibres  may  at  their  best  equal  and  often  exceed  that  of  steel. 

Looking  first  at  the  graphite-epoxy  composites,  Fig.3a  shows 
that  the  uniaxial  longitudinal  modulus  of  the  composite  does, 
on  the  average,  reflect  the  modulus  of  the  fibre  when  tested  in 
the  uniaxial  longitudinal  mode.  The  available  data  indicate 
that  the  modulus  of  the  Thornel  75  composite  (the  only  re- 
presentative of  the  high  modulus  fibers)  declines  to  about 
that  of  the  medium  modulus  fibres  at  77  K.  With  this  excep- 
tion, the  average  data  indicate  that  the  moduli  in  the  fibre 
direction  slightly  increase  on  cooling  to  77  K.  No  correlation 
is  observed  between  fibre  modulus  and  transverse  composite 
moduh  in  Fig.3b;  indeed,  none  is  expected,  as  the  latter  is 
controlled  by  the  properties  of  the  matrix  and  by  the  fibre- 
matrix  interfacial  bond  strength. 

A  comparison  of  Figs  3  a  and  4a  shows  that  the  uniaxial  longi- 
tudinal modulus  of  graphite-epoxy  composites  may  exceed  that 
of  any  other  type  of  advanced  composite  when  certain  graph- 


704 


22 


CRYOGENICS.  DECEMBER  1975 

4  % 


xlO 
50  F" 


45 
40 
35 
30 
25 
5  20 
^  15 

a  '° 

xlO^ 
2 


^—  High  modulus 

—  —  Medium  modulus 

 Low  modulus 

•   

*     Minimol  doto 


xlO" 
35 


30 


25 


20 


10  ^ 


1  . 





1 

1 

2a 

 2b 

50  100 

150 

200 

250  300 

xlO 
12 


Temperature,  K 


Fig. 3      Initial  tensile  modulus,  E\,  of  graphite-epoxy  composites 
a  —  Uniaxial  longitudinal:  1  —  Thornel  75  ^'  ;  2  —  Thornel  50  ; 
3  -  Modmor  I  ';4  -  Sancom  320  **;  5-  HT-S  ^-'''.'^.-e- 
HMG-25  ** 

b  -  Uniaxial  transverse:  1  -  Thornel  75/ERLB  461  7  ^' ; 
2a  -  HT-S/NASA  Resin  2  '°;2b  -  HT-S/4617  (Modified); 
2c  -  HT-S/X-904 


ite  fibres  are  used.  However,  a  comparison  of  Figs  3b  and 
4b  shows  that  the  uniaxial  transverse  tensile  moduli  of 
graphite-epoxy  composites  are  much  lower  than  that  develop- 
ed by  the  other  advanced  composites  over  the  entire  cryogenic 
temperature  range. 

A  closer  look  at  the  literature  data  from  which  Fig.3a  was 
prepared  revealed  that  among  the  medium  modulus  fibres, 
the  modulus  at  77  K  was  39-43  x  10^  lb  in'^  269-297 
GPa)  for  Samco  360;  the  highest  value  being  reported  with 
a  modified  ERL  2256  resin. ^  The  Modmor  I  fibre  produced 
almost  as  high  moduli,  ranging  from  32—42  x  10^  lb  in'^ 
(221-290  GPa),  with  the  highest  values  reported  for  a 
NASA  Resin  2  composite.^  (Note  that  these  same  fibres 
developed  high  uniaxial  tensile  strengths).  A  distinctly 
lower  range  of  26-33  x  10^  lb  in^  (179-228  GPa)  was 
reported  for  Thornel  50;  the  highest  values  were  for  a 
modified  ERL  2256  composite.^  among  the  low  modulus 
fibres,  HT-S  (the  most  tested  fibre)  produced  15-20  x  10^ 
lb  in"2  (103-138  GPa),  the  highest  value  being  reported 
with  X-904  resin,! 3  while  17-22  x  10Mb  in'^  (1 17-152 
GPa)  was  the  reported  range  for  HMG-25,  the  highest  values 
being  obtained  in  a  NASA  Resin  2  matrix.^ 

As  the  transverse  modulus  properties  are  matrix  dominated, 
Fig.3b  shows  significant  differences  for  the  same  HT-S  fibre 
in  different  epoxies.  The  Ulustrated  data  are  for  the  same 
composites  as  appear  in  Fig. lb.  Here  the  lower  moduli  of 
the  HT-S/NASA  Resin  2  and  the  HT-S/4617  (modified)  are 
due  to  the  additions  of  flexibilizers  and  elastomers  to  the 


epoxy  resin,  while  the  highest  modulus  was  developed  with 
the  conventional  X-904  matrix.  In  general,  the  transverse 
modulus  increases  with  decreasing  temperature.  A  lower 
composite  modulus  value  was  reported  for  the  high-modulus 
Thornel  75  fibre  in  ERLB  4617  resin  than  for  the 
HT-S/X-904  combination. 

Leaving  the  graphite-reinforced  composites  and  turning  to 
those  reinforced  with  other  advanced  fibres,  we  observe  on 
Fig.4a  that  the  uniaxial  longitudinal  moduli  reported  for 
the  boron-epoxy,  the  boron-aluminium  and  the  hybrid 
Borsic-titanium-aluminium  and  Borsic-steel-aluminium 
composites  all  cluster  around  30-35  x  10^  lb  in'^  (207—242 
GPa)  with  little  temperature  dependence.  The  PRD  49/ 
epoxy  modulus  is  reported  to  be  significantly  lower,  at 
16-18  X  10^  lb  in-2  (1 10-124  GPa),  but  undergoing  a 
significant  rise  between  77  K  and  20  K.  In  general,  these 
uniaxial  longitudinal  moduli  values  compare  favourable 
with  those  of  the  graphite-epoxies. 

The  uniaxial  transverse  moduli  are  another  matter.  As  seen 
in  Fig.4b,  the  transverse  moduli  of  the  aluminiurn-matrix 
materials  are  far  higher  than  those  of  the  graphite-epoxies 
and  are,  in  fact,  almost  twice  as  high  as  that  of  unreinforced 
6061  aluminium.  The  transverse  moduli  of  the  boron-epoxy 
is  much  lower  than  that  for  the  same  fibre  in  an  aluminium 
matrix,  but  is  still  almost  twice  that  of  the  graphite-epoxy 
materials.  These  data  reflect  the  contribution  made  by 
fibre-matrix  interface  to  the  transverse  modulus. 
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Fig.4     Initial  tensile  modulus,       of  miscellaneous  advanced 
composites  • 
a  —  Uniaxial  longitudinal:  1  —  boron-epoxy     ;  2  —  PRD  49— 
1  /epoxy  3  —  boron-aluminium  (6061 ;  4  —  Borsic- 

titanium-aluminium  (6061)''';  5—  Borsic-steel-aluminium 


(6061 ) 


13 


Uniaxial  transverse:  1  —  boron-epoxy  (SP-272,  Narmco  5505) 


81 


2  —  boron-aluminium  (6061 )  ;  3  —  Borsic-titanium-aluminium 
(6061)'';4  -  Borsic-steel-aluminium  (6061)'^ 
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Fig. 5     Ultimate  compressive  strength,  a"*",  of  advanced 
composites 

13  SI 
a  —  Uniaxial  longitudinal:  1  —  HT-S/X-904     ;  2  —  boron-epoxy 

(SP-272,  Narmco  5505);  3  -  boron-aluminium  (6061); 

4  —  Borsic-titanium-aluminium  (6061)    ;  5  —  Borsic-steel- 

aluminium  (6061 )  ' 

b  -  Uniaxial  longitudinal:  1  —  HT-S/X-904  ;  2  —  boron-epoxy  , 
(Narmco  5505,  SP-272)  ^' ;  3  -  boron-aluminium  ' 


Looking  in  more  detail  at  the  uniaxial  longitudinal  data,  we 
find  that  the  boron  (Borsic)-aluminium  data  ranged  from 
30.4-36.2  X  10^  lb  in'^  (210-250  GPa)  with  Httle  tem- 
perature dependence.  These  data  combine  values  obtained 
from  fibres  of  4  mil  and  5.6  mil  diameter  in  the  two  produc- 
tion variants,  as  no  significant  difference  was  reported  for 
these  materials.  The  boron-epoxy  data  represent  average 
results  reported  by  Nadler  et  al  ^'  on  SP-272  and  Narmco 
5505  (data  range  was  not  available).  The  hybrids,  Borsic- 
titanium-aluminium,  and  Borsic-steel-aluminium,  were  the 
same  composites  discussed  in  reference  to  the  tensile  data 
of  Fig.2a.  The  slightly  lower  uniaxial  tensile  modulus  of 
the  hybrids  compared  to  that  of  the  conventional  boron- 
aluminium  reflects  the  lower  density  of  fibres  in  the  stress 
direction  in  the  hybrids. 

The  PRD  49  data  reflect  input  from  both  an  ERLB  4617 
and  a  NASA  Resin  2  matrix.59.60  xhe  ERLB  4617  com- 
posite produced  a  slightly  increased  tensUe  modulus  at  all 
temperatures,  its  value  being  18.5  x  10^  lb  in'^  (128  GPa) 
at  77  K  compared  to  17.5  x  10Mb  in^  (121  GPa)  for  the 
NASA  Resin  2.  A  large  rise  in  modulus  between  77  K  and 
20  K  was  reported  for  both  matrices. 

Considering  the  transverse  data  of  Fig.4b  in  more  detail, 
we  observe  that  the  three  aluminium-matrix  composites 
have  similar  moduli,  about  20  x  10^  lb  in"''-  (138  GPa). 
The  boron-aluminium  data  was  again  the  average  of  data 
obtained  from  4.2  mil  Borsic  and  5.6  mil  boron,  similar 


values  being  reported  for  each  variant.  The  boron-epoxy 
data  of  Fig.4b  again  reflect  the  average  values  obtained 
from  the  commercial  SP-272  and  Narmco  5505  materials.^' 

Composite  compressive  strength  and  modulus 

Data  on  the  compressive  properties  of  advanced  composites 
at  cryogenic  temperatures  were  also  relatively  sparse.  Those 
which  were  available  appear  in  Figs  5  and  6,  combining  the 
graphite-epoxy  data  with  those  of  the  other  composite 
types. 

These  data  show  that  the  advanced  composites  have  signi- 
ficantly higher  compressive  strengths  and  moduli  than  those 
of  the  glass-reinforced  composites.  Comparison  of  Fig.5 
with  Figs  1  and  2  also  shows  that  the  compressive  strengths 
are  100-200%  higher  than  the  tensile  strengths  for  the  same 
composites. 

The  higliest  uniaxial  longitudinal  compressive  strength, 
more  than  200%  above  that  obtainable  with  glass  reinforce- 
ment, was  reported  for  the  commercial  boron-epoxy  types 
SP-272  and  Narmco  5505. The  compressive  strength  of 
this  composite  class  was  observed  to  increase  on  cooling  to 
77  K.  Boron-aluminium  reportedly  has  a  comparatively 
lower  uniaxial  compressive  strength.  The  latter  data  reflect 
input  from  both  4.2  mil  Borsic  and  5.6  mil  boron-fibre 
composites.'^  A  slightly  higher  strength  was  reported  for 
the  5.6  mil  composite,  but  not  sufficiently  to  justify  a  sep- 
arate plot.  Again,  the  Borsic-titanium-aluminium  and 
Borsic-steel-aluminium  hybrids  developed  strengths  some- 
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Fig. 6     Compressive  modulus,  f*^  of  advanced  composites 

a  -  Uniaxial  longitudinal:  1  -  HT-S/X-904  '^;  2  -  borOn-epoxy 
(Narmco  5505  SP-272)*' ;  3  -  boron-aluminium  (6061 ) 
4  —  Borsic-titanium-aluminium  (6061 )     ;  5  —  Borsic-steel- 
aluminium  (6061 )  ' 

b  -  Uniaxial  transverse:  1  -  HT-S/X  904  '  ;  2  -  boron  epoxy 
(Narmco  5505,  SP-272)'"  ;  3  -  boron-aluminium  (6061) 
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what  below  that  of  the  conventional  boron-aluminium,  re- 
flecting the  decreased  density  of  boron  fibres  in  the  stress 
direction.  Lowest  uiuaxial  longitudinal  compressive  strengths 
were  reported  for  the  HT-S  X-904  graphite-epoxy  composite; 
however,  this  composite  developed  a  compressive  strength 
about  twice  that  developed  in  tension  and  about  405c  higher 
than  that  available  with  glass  reinforcement.  The  compres- 
sive strength  of  the  graphite-epoxy  composite  was  reported 
to  increase  v.ith  cooling,  in  contrast  to  the  tensile  behaviour. 

The  available  data  on  the  transverse  compressive  strengths 
of  boron-epoxy,  boron-aluminium,  and  graphite-epoxy  com- 
posites are  compared  on  Fig.5b.  These  composites  appear 
in  the  same  relative  order  of  strength  as  in  the  longitudinal 
test  mode.  The  commercial  SP-272  and  Narmco  5505 
boron-epoxy  products  display  substantial  increases  in  com- 
pressive strength  on  cooling.  Lesser  increases  are  observed 
in  the  boron; aluminium  and  in  the  HT-S  X-904  graphite- 
epoxy  composite. 

The  compressive  modulus  of  a  given  composite  is  e.xpected 
to  be  the  same  as  the  tensile  modulus.  This  is  found  to  be 
generally  true  for  the  HT-S  X-904  graphite-reinforced  mater- 
ial, for  the  boron-epoxy,  for  the  Borsic-aluminium  compos- 
ites, and  for  the  Borsic-steel-aluminium  hybrid,  as  may  be 
seen  by  comparing  the  compressive  moduli  of  Fi2.6a  v,ith 
the  tensile  moduli  of  the  same  composites  on  Fig  3  and  4. 
The  Borsic-titanium-aluminium  data  are  at  variance  with 
this  principle,  as  the  reported  compressive  modulus  is  about 
305t  higher  than  in  tension.  The  boron-aluminium  and  the 
boron-aluminium  hybrids  again  show  the  highest  longitudinal 
moduli,  with  the  boron-epoxy  only  slightly  lower.  The 
modulus  of  the  HT-S  X-904  graphite-reinforced  composite 
is  again  much  lower  than  that  of  the  boron-reinforced  mat- 
erials. There  does  not  appear  to  be  a  significant  temperature 
sensitivity  of  this  parameter.  Also,  as  in  the  tensile  case,  the 
boron-aluminium  is  found  to  have  a  higher  transverse  com- 
pressive modulus  than  either  the  boron-epoxy  or  the 
graphite-epo.xy  composite. 


Composite  failure  strain 

.Available  data  on  the  temperature  dependence  of  ultimate 
tensile  strain  for  advanced  composites  are  minimal:  all  of 
that  which  has  been  published  reflects  the  work  of  Hertz  et 
al.'3  Nevertheless,  these  data  suffice  to  illustrate  that:  (a) 
the  strain  at  tensile  fracture  is  ver\'  low  for  the  advanced 
composites,  being  of  the  order  of  1—9  x  lO''^  in  the  longi- 
tudinal uniaxial  direction;  and  (b)  the  strain  at  tensile  frac- 
ture is  relatively  independent  of  temperature  within  the 
cry  ogenic  range.  These  data  are  summarized  on  Fig.7.  These 
strains  are  about  an  order  of  magnitude  lower  than  those  ob- 
tained with  glass-reinforced  composites,  retlecting  the 
negligible  fracture  strain  of  the  advanced  fibres. 

Fig.7  includes  data  on  one  graphite-reinforced  composite 
I  HT-S  X-904).  on  two  conventional  boron-aluminium  com- 
posites (4.2  mil  Borsic  and  5.6  mil  boron,  both  in  6061 
aluminium)  and  on  the  two  Borsic-aluminium  hybrids  dis- 
cussed previously  with  reference  to  the  other  properties. 
Both  longitudinal  and  transverse  ultimate  fracture  strains 
appear  on  Fig.7. 

Fig."  indicates  that  the  transverse  fracture  strain  of  the 
HT-S'X-904  graphite-epo.xy  composite  wiU  be  about  2  x  10^. 
or  about  259c  of  the  longitudinal  strain.  By  comparison,  the 
transverse  fracture  strain  for  the  commercial  HT-S'30O2 
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graphite-epoxy  composite  is  reported     to  be  7.8  x  10"^, 
only  slightly  less  than  its  longitudinal  fracture  strain  of  8.6 
X  lO"-'.  The  interfacial-bond  strength  between  the  fibre  and 
matrix  in  the  FTT-S  3002  composite  was  undoubtedly  sup- 
erior to  that  e.xisting  in  the  HT-S 'X-904  composite. 

Fig.7  shows  that  a  5.6  nul  boron/606 1  aluminium  com- 
posite is  expected  to  fail  at  about  the  same  strain  in  both 
the  longitudinal  and  transverse  directions.  The  4.2  mil 
Borsic; 6061  composite  is  e.xpected  to  fail  at  a  much  lower 
strain  when  tested  in  the  transverse  direction.  Hertz  et  al 
found  that  the  4.2  mil  Borsic  fibre  was  failing  by  longitud- 
inal fibre  spUtting  during  transverse  testing,  while  such  spUt- 
ting  did  not  occur  in  the  larger  diameter  fibre.  The  authors 
concluded  that  the  problem  was  related  to  the  use  of  plasma- 
sprayed  tape.  Higher  transverse  strains  were  observed  in  the 
same  type  of  composite  when  diffusion-bonded  tape  was 
used  to  make  the  test  specim.ens.  They  concluded  that 
diffusion-bonded  boron-aluminium  tape  was  superior  for 
oriented-ply  appUcations.  Kreider  and  Prewo  ^  -  '  has  pro- 
posed an  alternative  explanation  for  longitudinal  spUtting 
of  the  small  diameter  boron  fibres,  citing  results  of  diametral- 
compression  tests  of  individual  fibres,  which  indicate  that 
such  splitting  reflects  strength  anisotropy  in  the  sm.all  fi.bres 
due  to  residual  stresses  retained  from  the  original  fibre 
manufacturing  process  and  from  pre-existing  flaws  in  the 
fibres.  Such  anisotropy  was  not  observed  in  the  larger  fibres. 
Fibre  spUtting  was  not  directly  related  to  the  presence  or 
absence  of  a  siUcon  carbide  coating  on  the  fibres.  (Manu- 
facturers of  boron-aluminium  tape  report  that  current  fab- 
rication technology  has  overcome  the  problem  of  fibre 
splitting) 

The  Borsic-titanium-aluminium  hybrid  reponedly  developed 

higher  strain  values  in  both  directions  than  did  the  conven- 
tional 4.2  mil  Borsic-aluminium,  but  lower  values  than  that 
of  the  composite  reinforced  with  5.6  mil  boron.  The  borsic- 
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Fig.8     Ultimate  compressive  strain,  e^,  of  gra^hite-epoxy 
composites:  unaxial  compression  HT-S/X  904 

steel-aluminium  hybrid  shows  clearly  the  increase  in  trans- 
verse strain  capability  due  to  the  presence  of  stainless  wires 
oriented  in  this  direction.  The  longitudinal  strain  of  this 
hybrid  did  not  appear  to  be  significantly  affected  by  the 
transverse  reinforcement. 

The  only  data  available  on  the  temperature  dependence  of 
compressive  strain  within  the  cryogenic  temperature  range 
was  for  the  HT-S/X-904  graphite-epoxy  composite,  again 
reflecting  the  work  of  Hertz  et  al.'^  These  data,  Fig.8, 
indicate  an  increasing  compressive  strain  capability  for  this 
composite  type  as  the  temperature  is  lowered,  with  a  sub- 
stantially higher  strain  capability  in  the  transverse  direction. 
As  in  the  tensile  case,  these  strain  values  are  substantially 
lower  than  those  reported  for  an  HT/S/3002  graphite- 
reinforced  composite.'^'* 

Composite  in-plane  shear  strength  and  modulus 

The  key  shear  properties  are  the  in-plane  ultimate  strength 
and  modulus,  sometimes  referred  to  as  the  intralaminar  or 
longitudinal  shear  properties.  The  requirements  for  obtain- 
ing valid  shear  property  data  are  the  same  as  for  metals,  that 
is,  values  must  reflect  pure  shear  resolved  onto  a  45°  shear 
plane  with  respect  to  the  tensile  axis  without  significant 
compressive  or  tensOe  forces  normal  to  the  shear  plane. 
Three  shears  may  be  defined  in  a  bulk,  uniaxial  composite 
laminate.  Most  important  are  the  two  longitudinal  shears 
represented  by  shear  between  parallel  fibres  in  the  plane  of 
the  fibres.  For  example,  taking  the  x  axis  parallel  to  the 
fibres,  longitudinal  shear  strengths  may  be  defined  as 
a*^  or  o*^  ; however,  in  thin  laminates,  only  one  such  in- 
plane  shear  is  of  consequence.  A  third  shear,  which  is  trans- 
verse or  cross-fibre,  is  not  an  important  composite  design 
parameter. 

It  is  important  to  distinguish  between  in-plane  or  intrala- 
minar shear  defined  as  above  and  interlamimr  shear,  which 
refers  to  shear  between  adjacent  layers  in  a  layered  com- 
posite. The  latter,  sometimes  called  horizontal  shear,  is 
not  a  basic  material  property  and  is  used  primarily  as  an 
adjunct  to  quality  control  or  in  material  screening  tests. 
Because  the  test  is  simple  and  inexpensive,  a  large  amount 
of  interlaminar  shear  data  have  been  reported. 

In-plane  shear  is  a  difficult  property  to  measure  accurately 
because  of  the  necessity  of  avoiding  extraneous  compressive 


or  tensile  stresses  on  the  shear  plane.  The  torque  tube 
(torsion)  method  works  well  but  is  expensive.  Consequently, 
somewhat  simpler  methods  such  as  the  'rail  shear'  or  the 
'+  45°  laminate'  test  have  been  devised.  The  interested 
reader  can  find  discussions  of  the  relative  merits  of  these 
latter  methods  in  ASTM  STP  Vols  460,  497,  and  546. 

Few  data  are  available  on  the  in-plane  shear  properties  of 
composites  at  cryogenic  temperatures.  Hertz  et  al  '-^  report 
a  decrease  in  the  shear  strength  of  HT-S/X-904  graphite- 
epoxy  from  8  592  lb  in'^  (60  MPa)  at  295  K  to  7  378 
lb  in'2  (51  MPa)  at  77  k,  using  the  torsion  tube  test  method. 
A  concomitant  shear  modulus  increase  from  7.27  x  10^ 
Ibin"^  (10.5  GPa)  was  reported.  Obviously,  much  additional 
in-plane  shear  data  are  required  before  trends  in  the  cryo- 
genic temperature  dependence  of  shear  properties  can  be 
defined.  Room  temperature  values  of  shear  strengths  and 
moduli  are  reportedly  about  18  x  10^  lb  in'^  (124  MPa) 
and  9.5  x  10^  lb  in"^  (65  GPa),  respectively,  for  boron- 
aluminium,  while  values  for  boron-epoxy  are  about  15x10^ 
lb  in-2  (124  MPa)  and  7  x  10^  lb  in'^  (0.48  GPa),  respective- 
ly.'^'' Reported  room  temperature  values  for  the  shear 
strength  of  graphite-epoxy  composites  vary  from  9— 13  x 
103  lb  in-2  (62  MPa)  with  a  modulus  of  about  6.5  x  10^ 
lb  in"2  (0.45  GPa),  the  variation  in  strength  reflecting  variation 
in  properties  of  the  graphite  fibre  used  in  the  composite.  As 
most  of  the  other  mechanical  properties  of  boron-aluminium 
and  boron-epoxy  composites  either  remain  unaffected  or 
increase  upon  cooling  to  cryogenic  temperatures,  these 
room  temperature  values  likely  represent  conservative  values 
for  such  materials  at  the  lower  temperatures.  However, 
confimiation  must  await  further  testing  at  the  cryogenic 
temperatures. 

Secondary  static  mechanical  properties 

The  properties  discussed  in  this  section  are  classified  as  se- 
condary only  in  that  they  are  not  generally  useful  in  a  pre- 
dictive design  analysis  using  macromechanics  composite 
theory.  However,  such  secondary  properties  are  important 
in  other  ways.  Because  composites  are  largely  fabricated  in 
situ,  a  large  number  of  options  are  available  among  fibre  (or 
combinations  of  fibres)  and  matrix  materials.  Options  are 
also  available  in  fabrication  procedure.  It  is  necessary  to 
efficiently  evaluate  various  combinations  in  a  meaningful 
comparative  manner  in  order  to  optimize  the  final  selection. 
Furthermore,  having  made  a  selection,  it  is  necessary  to 
have  viable  techniques  for  measuring  the  consistency  of 
composite  quality  over  a  production  run.  For  such  objec- 
tives, the  flexure  test  and  the  interlaminar  shear  test 
(usually  also  performed  in  flexure)  are  relatively  inexpen- 
sive and  informative.  Additionally,  there  are  properties  that 
are  classed  as  secondary  only  in  that  the  results  are  specific 
to  a  given  geometry  as,  for  example,  bearing  yield  strength. 

Composite  flexural  strength  and  modulus 

The  flexure  test  requires  that  a  bar  or  plate  specimen  be 
supported  near  its  ends  while  deflected  by  a  moving  ram  at 
its  cenre,  providing  symmetrical  three-point  loading.  Dimen- 
sions of  the  fixture  and  specimen  are  proportioned  to  deve- 
lop maximum  stress  in  the  outer  (tension)  fibres  as  flexure 
progresses.  Fibres  run  lengthwise  along  the  specimen,  that 
is,  between  the  supports,  in  uniaxial  longitudinal  flexure  and 
across  the  specimen  in  uniaxial  transverse  flexure. 

Fewer  data  were  available  on  the  temperature  dependence  of 
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Fig.g     Ultimate  flexural  strength, 
a  —  Uniaxial  longitudinal:  1  —  GY-70 


^raphlte-epoxy  composites 


;  2  -  Thornel  50 
3  -  Courtaulds  HM  ^,-4  -  Fibralloy  300  '^;5  -  HT-S 
6-  Modmor  II  '^;7  -  HMG-25 

b  -  Uniaxial  transverse:  1  -  Modmor  11/1004  *^;2  -  HT-S/1004 

3  -  HT-S  BSP-2401  '^;4  -  HT-S/X-904  5  -  HT-S/3002 

6  -  GY-70, 1004  '^;7  -GY-70/E-350A  ''';8  -  GY-70  X-904  " -'^ 


the  llexural  strength  and  elastic  modulus  than  for  tensile 
properties;  furthermore,  most  of  those  available  were  re- 
ported for  graphite-epoxy  composites.  Fig.9  summarizes 
the  flexural  strength  data  for  the  latter,  while  Fig.  10 
summarizes  the  available  data  for  other  t\  pes  of  reinforce- 
ments or  matrices.  The  minimal  available  data  on  flexural 
modulus  properties  appear  in  Fig.  11. 

Comparison  of  Fig.9  with  Fig.l  shows  that  the  graphite- 
epoxy  flexural  strength  data  span  a  much  greater  range  of 
values  than  does  the  tensile  strength  data  in  both  the  longi- 
tudinal and  transverse  directions.  The  e.xpected  higher 
strength  of  the  lower  modulus  fibres  is  more  in  evidence 
for  the  flexural  test  than  it  was  for  the  tensile  test  mode. 

B\'  far  the  largest  amount  of  data  was  available  for  HT-S  ' 
epo.xy  composites.  Furthermore,  such  composites  had  the 
highest  longitudinal  flexural  strength  of  all  the  graphiie- 
reintorced  materials  for  which  data  were  available.  Strengths 
were  reported  over  a  113-234  x  lO^  lb  in'^  (0.78-1.61 
GPa)  range  at  77  K.  This  is  significantly  h  fter  than  the 
325-^70  X  103  lb  in-2  (2.24-3.24  GPa)  range  reported 
for  unia-xial  glass-epo.xies  in  Part  1 .  These  data  included 
lest  series  designed  to  investigate  cure  cycles,  aging  effects, 
and  environmental  effects.  ^ ^ 3-- ^  Most  of  the  work  was 
done  with  E-350,  X-915,  or  X-904  matrices,  for  which  the 
average  flexural  strengths  at  77  K  were  reported  to  be  very 
simUar.  varving  only  from  167—178  x  10^  lb  in"^ 
(1.15  1.23  GPa).'3 


The  available  data  on  the  HT-S  fibre  composites  remind  us 
that  processing  variables  are  important;  in  particular,  those 
variables  that  affect  the  void  content.  Detailed  examination 
of  the  available  data  showed  that  in  84  of  the  89  reported 
test  series,  the  flexural  strength  of  composites  made  with 
HT-S  fibre  decHned  markedly  on  cooling  to  77  K.  The  five 
series  for  which  strength  increases  were  noted  were  reported 
by  Scheck     to  have  occurred  concomitantly  with  a  change 
to  a  vacuum-bagging  method  of  fabrication.  This  suggests 
that  at  least  a  pan  of  the  observed  drop  in  flexural  strength 
on  cooling  might  have  been  due  to  the  presence  of  voids  in 
the  composites. 

Continuing  this  with  the  other  fibres,  we  observe  on  Fig.9a 
that  the  order  of  decreasing  strength  is  Modmor  II.  GY-70, 
and  Fibralloy  300.  arri\ing  finally  at  a  group  comprising  the 
lowest  reported  strengths  and  consisting  of  Courtaulds  HM, 
HMG-25.  and  Thornel  50  fibres.  The  flexure  strength  of 
this  latter  group  is  only  about  a  third  that  of  the  HT-S 
fibre  composites.  Among  these  other  fibres,  most  data  were 
available  for  the  high-modulus  GY-70.  for  which  the  spread 
of  values  at  77  K  was  85-133  x  lO^  lb  in'^  (586-917  MPa); 
the  highest  being  reported  in  X-904  epoxy  resin. 

The  clear  separation  between  the  transverse  flexural 
strengths  of  the  low  modulus  HT-S  composites  and  the  high 
modulus  GY-70  composites  in  Fig.9b  suggests  that  there  are 
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Fig.1 1  Initial  flexural  modulus,  f  j,  of  advanced  composites: 
uniaxial  longitudinal 

1  -  Thornei  50;  2  -  HMC-25;  3  -  Modmor  II  (all  reference  8) 
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Table  2.  Comparison  of  ranking  of  specific  uniaxial 
graphite-epoxy  composites  by  longitudinal  flexure  strength 
and  by  longitudinal  tensile  strength  (77  K) 


Composite 

a^",  10^  lb  in-2 

Rank  a'",  10^  lb  in"2 

Rank 

A 

178 

1 

147 

1 

B 

172 

2 

87 

6 

C 

167 

o 
o 

1  no 
1  Uo 

2 

D 

146 

4 

45 

8 

c 

117 

5 

92 

4 

•t 

F 

58 

6 

91 

5 

G 

55 

7 

71 

7 

H 

54 

8 

93 

3 

differences  in  the  fibre-matrix  bond  strength  between  these 
two  fibre  types,  the  high  modulus  fibre  having  the  poorer 
bonding.  Note  that  X-904  and  1004  epoxies  were  used  with 
both  fibre  types. 

Before  leaving  the  data  of  Fig.9,  it  is  of  interest  to  consider 
whether  or  not  the  literature  data  support  the  contention 
that  the  relatively  inexpensive  flexure  test  may  be  used  to 
obtain  comparative  ranking  of  composite  strength  in  lieu  of 
the  more  expensive  tensile  test.  A  visual  comparison  of  the 
data  on  Fig.9a  with  that  of  Fig. la  is  hardly  convincing. 
However,  such  a  comparison  is  nebulous  because  these 
graphs  present  data  from  different  composite  types.  To 
clarify  this  question,  the  literature  data  were  examined  more 
closely  and  a  comparison  of  ranking  of  strength  in  longitu- 
dinal tension  versus  longitudinal  flexure  was  made  at  77  K 
for  eight  specific  composite  types  (same  fibre  and  matrix) 
for  which  data  were  available.  The  data  are  summarized 
in  Table  2.  Results  suggest  that  the  flexure  test  results  are 
not  a  very  good  measure  of  the  relative  tensile  strengths  of 
graphite/epoxy  composites  at  77  K.  Insufficient  data 
existed  for  similar  comparisons  with  other  mechanical 
properties. 

Rexure  data  on  other  types  of  advanced  composites  were 
somewhat  meagre.  Fig.  10  does  indicate  that  the  uniaxial 
longitudinal  flexural  strength  of  boron-epoxy  in  the  form 
of  the  commercial  SP-272  product  is  much  higher  than  that 
of  the  graphite-epoxies,  although  still  lower  than  that  deve- 
loped with  glass  reinforcement.  A  quite  rapidly  declining 
strength  is  observed  on  cooling  to  77  K.  The  latter  effect 
was  not  observed  in  the  comparable  tensile  data  (see 
Fig.2a).  Data  were  available  for  two  polyimide  composites, 
one  with  the  high  modulus  GY-70  fibre  and  one  with  the 
low  modulus  HT-S  fibre.  Of  these,  the  HT-S  composite  de- 
veloped the  higher  strength.  A  small  decrease  in  flexure 
strength  is  evidenced  in  these  composites  at  77  K,  but  the 
magnitude  of  the  decrease  is  less  than  that  reported  for 
the  uniaxial  tensile  strength.  Finally,  the  HT-S/epoxy- 
phenolic  (HT424  Primer)  appears  to  possess  acceptable 
flexure  strength  with  little  temperature  dependence,  in 
contrast  to  the  comparatively  low  strength  and  significant 
temperature  dependence  reported  for  the  same  composite 
in  longitudinal  tension  (see  Fig.2a). 

Very  little  data  were  available  on  the  flexural  modulus. 
Data  for  the  longitudinal  mode  appearing  on  Fig.  1 1  reflect 
the  modulus  of  the  reinforcing  fibres  and  appear  to  agree 
reasonably  well  with  the  moduli  of  the  same  composites  in 
tension.  The  Thornel  50  data  are  an  average  of  data  from 
two  matrix  types,  a  modified  ERL  2256  epoxy  and  NASA 


Resin  2.^  A  slightly  higher  modulus  was  reported  for  the 
latter  at  both  295  K  and  77  K. 


Composite  interlaminar  shear  strength 

Interlaminar  shear  strength  is  the  resistance  to  failure  be- 
tween layers  in  a  layered  laminate  along  the  plane  of  their 
interface.  Interlaminar  shear  is  sometimes  measured  by  the 
guillotine  method,  in  which  shear  is  forced  by  the  imposi- 
tion of  opposing  but  offset  cuts  across  the  width  of  a  flat 
tensile  specimen.  Alternatively,  the  short-beam  method 
may  be  used.  Here,  the  specimen  resembles  a  flat  flexural 
specimen  but  is  proportioned  to  fail  by  shear  on  the  central 
layers  of  the  composite.  The  guillotine  method  is  reputed 
to  produce  less  scatter.  However,  the  values  obtained  are 
usually  higher  than  those  obtained  with  the  short-beam 
method.  The  latter  method  is  the  most  widely  used.  A 
modification  of  the  short-beam  test  is  used  with  filament- 
wound  NOL  ring  specimens.  Here,  a  short  section  of  the 
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Fig.12  Histograms  illustrating  the  reported  range;  of  longitudinal 
interlaminar  shear  strength,  a* 

a  -  as  reported  for  HT-S/X-904  graphite  -epoxy  at  77  K  and 

b  —  the  reported  changes  in  interlaminar  shear  strength  in  the  same 

composite  upon  cooling  from  295  K  to  77  K 
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ring  (concave  downward)  is  substituted  for  the  flat  speci- 
ment.  Results  of  the  NOL  segment  and  the  flat  short-beam 
tests  are  not  equivalent. 

A  wide  range  of  interlaminar  shear  strength  values  may  be 
obtained  with  a  single  composite  type.  Fig.  12a  is  a  frequency 
histogram  illustrating  the  range  of  longitudinal  interlaminar 
"shear  strength  reported  in  the  literature  for  the  graphite- 
reinforced  composite  HT-S/X-904  at  77  K.  The  substantial 
amount  of  data  available  for  this  composite  reflects  a  com- 
prehensive study  of  the  effect  of  processing  variables  by 
Maximovich  and  Scheck.'^  These  data  suggest  that  the 
maximum  interlaminar  shear  strength  obtainable  with  this 
type  composite  is  on  the  order  of  17-18  x  10^  lb  in'^ 
(117-124  MPa). 

The  data  of  Maximovich  and  Scheck  may  be  analysed  fur- 
ther to  determine  what  this  relatively  large  body  of  data 
can  tell  statistically  about  the  temperature  dependence  of 
interlaminar  shear  strength.  From  the  frequency  histogram 
of  Fig.  12b,  we  observe  that  the  reported  change  in  this  para- 
meter upon  cooling  from  295  K  to  77  K  approximates  a 
normal  distribution  around  zero  change,  suggesting  that 
interlaminar  shear  strength  is  relatively  independent  of 
temperature  for  this  composite  over  this  temperature 
range.  However,  a  more  detailed  look  at  the  data  shows 
that  those  composites  at  the  high  end  of  the  strength  range 
increased  their  interlaminar  shear  strength  by  about 
4  000  lb  in-2  (27  MPa)  between  295  K  and  77  K,  suggesting 
that  the  temperature  dependence  is  affected  by  composite 
quality. 

Cryogenic  interlaminar  shear  strength  data  have  been  pub- 
lished for  other  graphite-epoxy  composites  and  for  boron- 
epoxy,  PRD  49-epoxy,  and  for  boron-aluminium. 
However,  available  data  are  insufficient  for  statistical  exam- 
ination. One  finds  that  the  reported  77  K  interlaminar  shear 
strengths  for  graphite-epoxy  composites  made  with  ten  fibre 
types  other  than  HT-S  range  from  about  4-18  x  10^  lb  in'^ 
(27-124  MPa).  that  is,  covering  about  the  same  range 
covered  by  the  HT-S  data  of  Fig.  12a. 

Somewhat  surprisingly,  available  data  on  boron-epoxy  '^-^^ 
and  boron-aluminium     composites  suggest  that  the  maxi- 
mum interlaminar  shear  strengths  of  these  composites  are 
almost  the  same  as  for  the  best  of  the  graphite-epoxy  com- 
posites, that  is,  about  18  x  10^  lb  in^  (124  MPa)  at  77  K 
with  about  a  4000  lb  in"^  (27  MPa)  increase  between  295  K 
and  77  K. 

The  only  data  on  the  interlaminar  shear  strength  of  PRD 
49-epoxy  composites  are  those  of  Hoggatt  ^^•^'^  who  report- 
ed NOL-ring  segment  values  of  approximately  400  lb  in'^ 
(27  MPa)  in  both  ERLB  4617  and  NASA  Resin  2  matrices. 
Values  obtained  with  the  latter  of  these  were  found  to  be 
consistently  higher  by  40—70%.  Very  little  temperature 
dependence  was  observed.  It  is  perhaps  noteworthy  that 
the  highest  shear  strengths  reported  for  the  graphite-epoxy 
composites,  21x10^  lb  in'^  (145  MPa),  was  also  obtained 
with  NASA  Resin  2  epoxy.^° 


Composite  bearing  strength 

Tlie  only  data  found  in  the  literature  on  the  temperature 
dependence  of  bearing  properties  of  advanced  composites 
in  the  cryogenic  range  were  published  by  Hertz  et  al  for 
boron  and  Borsic-reinforced  6061  aluminium,  including  the 
steel  and  titanium-reinforced  hybrids.  These  data,  appearing 
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Fig. 13     Ultimate  bearing  strength,  o^",  of  boron-aluminium 
composites,  uniaxial  longitudinal  direction 

1  —  4.2  mil  Borsic-aluminium  (6061 );  2  —  5.6  mil  Boron-aluminium 
(6061);  3  -  4.2  mil  Borsic-steel-aluminium  (6061);  4  -  4.2  mil 
Borsic-titanium-aluminium  (6061)  (all  reference  13) 


on  Fig.  13,  are  for  bearing  strength  in  the  unaxial  longitud- 
inal direction,  that  is,  the  stress  required  for  bearing  pull- 
out,  rather  than  the  more  conventional  bearing  yield 
strength.  The  data  on  Fig.  13  refer  to  m.aterial  hole-to-free 
surface  dimensions  two  and  four  times  the  diameter  of  a 
No  10  steel  pin  (~  4.8  mm).  An  increase  in  bearing  strength 
with  decreasing  temperature  is  observed  for  both  conven- 
tional boron  and  Borsic-reinforced  materials,  the  effect 
being  more  pronounced  in  the  4D  tests.  The  Borsic-steel- 
aluminium  hybrid  performed  much  like  the  conventional 
materials,  while  the  Borsic-fitanium-aluminium  hybrid  per- 
formed somewhat  erratically,  although  the  highest  strengths 
were  developed  with  this  latter  composite. 

Dynamic  mechanical  properties 
Composite  fatigue 

Tlie  only  available  data  on  the  temperature  dependence  of 
the  fatigue  properties  of  advanced  composites  were  gener- 
ated during  cyclic  pressure  testing  of  filament-wound 
pressure  vessels.  As  the  composites  in  these  vessels  were 
cross  phed  and  subjected  to  biaxial  stressing,  the  data  are 
of  value  only  in  a  comparative  sense. 

Hansom     has  studied  the  cyclic  fatigue  perfermance  of 
pressure  vessels  overwrapped  with  Thornel  50  graphite 
fibre  using  an  ERL  2256/ZZL  0820  epoxy  resin.  The 
fatigue  life  at  77  K  was  found  to  be  similar  to  that  at 
295  K,  with  90%  of  the  relevant  single-cycle  strength  being 
retained  after  10  000  cycles.  This  compares  to  a  retention 
of  only  about  45%  of  the  single-cycle  strength  for  glass- 
fibre  reinforced  vessels.  Hanson  concluded  that,  on  the 
basis  of  specific  strength,  graphite-fibre  reinforced  vessels 
would  have  fatigue  performance  superior  to  that  of  glass- 
fibre  reinforced  vessels  after  only  80  cycles. 
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Alfring  et  al     have  reported  cryogenic  cyclic  fatigue  data 
on  pressure  vessels  filament-wound  with  4  mil  boron  in  a 
Polaris-resin  matrix.  Polaris  resin  consists  of  Epon  828/ 
Epon  1031/NMA/BDMA  in  proportions  50/50/90/0.55 
pbw.  Commercial  designations  are  E-787  and  58— 68R. 
The  results  were  again  reported  to  be  independent  of  tem- 
perature (down  to  20  K).  However,  the  fatigue  life  of  the 
boron-reinforced  vessels  was  found  to  be  relatively  low, 
with  residual  strengths  falhng  to  40-50%  of  single-cycle 
values  after  10  000  cycles.  This  is  about  the  same  as  for 
glass  reinforcement. 

These  results  suggest  that  graphite  may  be  superior  to  boron 
as  a  reinforcement  fibre  for  composite  structures  subject  to 
fatigue  at  cryogenic  temperatures.  However,  these  data 
must  be  considered  very  tentative  in  view  of  the  afore- 
mentioned tendency  for  the  4  mil  boron  fibre  to  split 
longitudinally  when  subjected  to  transverse  stresses  such 
as  are  present  in  biaxially-loaded  pressure  vessels.  The 
fatigue  performance  at  cryogenic  temperatures  of  compos- 
ites reinforced  with  5.6  mil  boron  fibre  should  be  substan- 
tially better  than  with  the  4  mil  fibre,  if  fibre  splitting  is  a 
factor  in  the  smaller  diameter  fibre. 


Composite  impact  strength 

Few  data  were  available  on  the  impact  strength  of  advanced 
composites  at  cryogenic  temperatures.  The  Advanced 
Composites  Design  Guide      includes  some  unpublished 
data  on  the  Charpy  V-notch  impact  values  of  commercial 
5505^  boron-epoxy  material  tested  transverse  to  the  un- 
iaxial longitudinal  direction.  These  data  indicate  a  slight 
increase  in  impact  strength  from  22.8  ft  lb  in''  (121.7 
N  m  m-i )  at  295  K  to  27.0  ft  lb  in'  (144  N  m  m"' )  at  20  K 
Concomitantly,  a  slight  decrease  from  46.3  to  39.5  ft  lb  in'' 
(247  to  211  N  m  m'' )  was  reported  for  unnotched  speci- 
mens over  this  temperature  range.  The  notched/unnotched 
ratios  of  about  0.49  at  295  K  and  about  0.68  at  20  K  in- 
dicate some  notch  sensitivity.  Sumner  and  Davis  ^  have 
reported  a  12  ft  lb  in''  (64  Nmm"')  Charpy  V-notch 
strength  at  295  K  for  25  v/o  stainless  steel  wire  reinforced 
2024  aluminium,  this  value  increasing  to  18  ft  lb  in'' 
(96  N  m m'' )  at  77  K.  Cryogenic  impact  strength  data 
were  not  available  for  the  other  types  of  advanced  com- 
posites. However,  room  temperature  data  indicate  that 
the  graphite-reinforced  composites  have  substantially  lower 
impact  strengths  than  boron-reinforced  types.  There  is  no 
a  priori  reason  to  expect  this  relationship  to  change  at 
cryogenic  temperatures.  Such  impact  strengths  are  sub- 
stantially lower  than  those  discussed  in  Part  1  for  glass- 
reinforcement,  where  notched  values  transverse  to  the 
uniaxial  longitudinal  direction  were  seen  to  range  from 
67-162  ft  lb  in'  (357-865  Nmm"')  at  77  K.*  The 
critical  factor  has  been  identified  as  the  stress-strain  be- 
haviour of  the  fibre  reinforcement,  higher  impact  values 
being  associated  with  higher  failure  strains  of  the  fibre 
whenever  tests  are  made  in  the  longitudinal  (cross-fibre 
fracture)  mode.'^^''^'^ 

Impact  strengths  of  uniaxial  composites  tested  in  the  trans- 
verse direction  (anvil  impact  parallel  to  the  fibres)  are  essen- 
tially matrix  controlled.  Since  composite  structures  are 
usually  of  crossply  construction  and  subjected  to  complex 
stresses,  an  improvement  in  the  impact  strength  of  the  mat- 
rix offers  the  possibihty  of  an  overall  improvement  of  com- 
posite toughness.  Larsen  ^  has  reported  efforts  to  improve 
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Fig. 14     Longitudinal  thermal  expansion,  £L/L,  of  uniaxial 
advanced  composites 

1  -Thornel  75/ERLB4617  ^ '  ;  2  -  G  Y-70/X-904 
3  -  Fibrailoy  300/X-904  '^•4  -  HT-S/X-904      5  -  PRD49-1/ 
ERLA4617  ".^°;6  -  PRD49-I/NASA  Resin  2         ;  7  -  boron/ 
epoxy  SP-272;  8  —  5.6  mil  boron/alumininium  6061 ;  9  —  4.2  mil 
Borsic-titanium-aluminium  6061 ;  10  —  4.2  mil  Borsic-steel- 
aluminium  (6061);  11  —4.2  mil  Borsic/aluminium  (6061)  (all 
reference  13) 


the  impact  properties  of  crossplied  HT-S/epoxy  materials  at 
cryogenic  temperatures  by  addition  of  elastomeric  compon- 
ents to  the  matrix.  Results  of  this  work  were  reported  in 
terms  of  energy  density,  that  is,  the  area  under  the  force- 
deflection  curve,  using  a  cleavage-type  specimen.  This  work 
showed  that  some  improvement  was  indeed  possible  with 
CBTN-modified  ERLB  4617  epoxy.  However,  the  benefit 
gained  was  negated  by  a  significant  lowering  of  the  room 
temperature  impact  properties  and  by  unpredictable  per- 
formance at  cryogenic  temperatures.  Larsen  concluded 
that  improved  overall  cryogenic  properties  would  be  ob- 
tained by  use  of  the  NASA  Resin  2  epoxy  formulation  with 
graphite-reinforced  composites. 

It  appears  at  this  time  that  substantial  improvement  of  im- 
pact strength  of  the  advanced  composites  will  require  deve- 
lopment of  hybrids,  possibly  combining  glass  with  the 
advanced  fibres. 

Thermal  properties 

Composite  thermal  expansion  and  contraction 

Unlike  the  glass-reinforced  composites,  some  advanced- 
fibre  composites  expand  in  the  fibre  direction  when  cooled 
to  cryogenic  temperatures.  Available  data  for  the  temper- 
ature dependence  of  dimensional  changes  in  the  uniaxial 
longitudinal  direction  are  summarized  in  Fig.  14,  while 
comparable  data  for  the  uniaxial  transverse  direction  appear 
in  Fig.  15. 
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The  graphite-reinforced  composites  display  a  ver>  small  long- 
itudinal expansion  on  cooling,  slight!)-  larger  expansions 
being  reported  for  the  high  modulus  Thomel  75  and  GY-70 
fibre  composites  than  for  composites  made  with  the  medium- 
modulus  Fibralloy  300  and  the  low-modulus  HT-S  fibres. 
The  PRD  49  (Kevlar  49)  composites  undergo  a  comparative!) 
large  longitudinal  expansion  on  cooling,  reportedly  reaching 
a  ma.ximum  of  about  8—10  x  10"^  at  about  "~  K.^^'^° 
Slightly  larger  expansion  was  reported  with  a  NASA  Resin  2 
matrix  than  with  ERLA  46 1 7.  The  other  advanced  com- 
posites undergo  linear  contraction  on  cooling.  The  least 
longitudinal  contraction  was  reported  for  the  commercial 
SP-272  boron-epo.xy  product,  while  boron-aluminium  under- 
goes the  largest  contraction.  The  matrix  contraction  proper- 
ties appear  to  be  dominating  in  the  latter  composites,  as  re- 
lativeK-  little  difference  is  seen  among  the  four  variants,  in- 
cluding the  hybrids.  The  5.6  mil  composite  displays  a  sUghtly 
lower  contraction  than  does  the  4  mil  product.  The  longi- 
tudinal thermal  contractions  of  these  boron-aluminium 
composites  are  about  25?c  of  that  of  an  unreinforced  6061 
aluminium  alloy. 

Dimensional  changes  in  the  transverse  direction  are  strongly 
influenced  by  the  matrix:  all  advanced  composites  showing 
contraction  in  this  direction  on  cooling.  These  contractions 
are  large  compared  to  changes  obsened  in  the  fibre  direction, 
as  witnessed  by  the  necessity  to  change  the  ordinate  scale  on 
Fig.15.  The  data  indicate  that  boron-epoxy  composites  have 
the  least  transverse  contraction  of  the  group,  yet  even  this 
relatively  low  value  is  three  times  larger  than  its  longitudinal 
change.  The  graphite-reinforced  composites  appear  to  under- 
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Fig.15  Transverse  thermal  expansion,  AL/L,  of  uniaxial  advanced 
composites 

1  -boron/epoxy  (SP-272)       2  -  Fibralloy  300  ERLA  4617 
HT-S/X-904  '^;3  -4.2  mil  Borsic-titanium/aluminium  6061  ; 
4  -  GY-70/X-904  '^;5  -  boron/aluminium  6061  '^;6  -4.2  mil 
Borsic-steel/aluminium  (6061)       7  -  PRD49-I/ERLA  4617 
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Fig.  16     Thermal  conductivities,  \,  of  advanced  composites 

a  -  Uniaxial  longitudial;  1  -  HTS/X-904       2  -  Thornel  50-Polaris 

3  -  B-epoxy,  SP-272     ;  4  -  B-epoxy,  4.0  Boron-Polaris  j 

5  -  PRD  49-epoxy  ^  | 

b  -  Unixiai  transverse:J  -  HT-5  X-904  '-\-2  -  Thornel  50  -  Polaris^';  i 

3  -  B-epoxy,  SP-272  j 

I 

go  about  twice  the  transverse  thermal  contraction  of  the  | 
boron-reinforced  composites,  reflecting  the  lesser  constraint 
provided  in  this  direction  by  the  small  graphite  fibres.  .A 
slightly  higher  transverse  contraction  is  reported  for  the  high-  ' 
modulus  GY-70.  X-904  composite  than  for  the  low  modulus 
HT-S  X-904  material.  However,  such  a  small  difference  could 
easily  be  accounted  for  by  variations  in  fibre  volume  fraction. 
The  conventional  boron  6061  aluminium  composites  have  the 
next  largest  transverse  contraction.  By  comparison  with  the 
contraction  of  unreinforced  6061  alloy  (dashed  curve),  it  is 
seen  that  the  transverse  contraction  of  the  boron-aluminium  | 
composite  is  almost  completely  matrix  dominated.  No  sign-  | 
nificant  difference  in  thermal  contraction  were  reported  for 
4.2  mil  Borsic  and  5.6  mil  boron  fibre  composites. 

Hie  PRD  49-epoxy  composites  undergo  the  largest  transverse 
thermal  contraction.  Comparing  the  temperature  dependence 
of  PRD  49-1  NASA  Resin  2  (curve  8)  with  that  reported  by 
Soffer  and  .Molho  -  for  NAS.A  Resin  2  alone  (dashed  curve), 
indicates  that  the  matrix  is  also  dominating  the  transverse 
dimensional  changes  in  tliis  composite.  The  PRD  49  fibres 
do  not  offer  appreciable  restraint  to  transverse  contraction 
of  the  matrix  because,  as  seen  in  Fig.  14,  this  fibre  expands  | 
significantly  in  the  longitudinal  direction  during  cooling.  Of 
necessity,  this  is  accompanied  by  signitlcant  transverse  fibre 
contraction.  Cooling  to  cr\-ogenic  temperatures  would  be 
expected  to  produce  sizable  interfacial  shear  forces  betw^een 
the  PRD  49  fibre  and  matrix,  with  lesser  forces  normal  to 
the  fibres. 

Composite  thermal  conductivity 

Few-  data  were  available  on  the  temperature  dependence  of 
uniaxial  longitudinal  and  uiua.xial  transverse  thermal  con- 
ducti\it\-  of  advanced  composites.  Those  which  were  avail- 
able are  plotted  in  Fig.  16.  WTien  considering  these  data,  the  j 
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Fig. 17     Specific  heat,  Cp,  of  advanced  composites 

1  -  HT-S/X  904,  GY-70/X  904 '^•  2  -  B-epoxy  (SP-292) 

3  —  boron/6061  aluminium     ;  4  —  Borsic-titanium/aluminium 

5  —  Borsic-steel/aluminium     ;  6  —  graphite/phenolic 


reader  should  be  aware  of  the  difficulties  and  potential 
sources  of  error  in  determining  thermal  conductivity  within 
the  cryogenic  range.  The  comments  made  in  Part  1  of  this 
paper  on  this  subject  apply  equally  well  here.  Furthermore, 
the  volume  fraction  of  fibre  will  infiuence  the  conductivities, 
particularly  in  graphite-reinforced  composites.  For  these 
reasons,  the  data  on  Fig.  16  should  be  considered  as  only 
indicating  trends. 

The  graphite-reinforced  composites  have  relatively  high 
thermal  conductivities  in  the  fibre  direction,  refiecting  re- 
latively high  conductivity  of  the  graphite  fibres  compared 
to  epoxy.  Longitudinal  conductivity  in  these  materials  is 
highly  temperature  dependent.  The  boron-reinforced  com- 
posites have  much  lower  conductivities  than  do  the  graphite- 
reinforced  composites  in  the  fibre  direction  and  show  a  com- 
paratively small  temperature  dependence  of  thermal  con- 
ductivity. Data  were  not  available  for  boron-reinforced 
aluminium;  however,  the  thermal  conductivity  of  such  mat- 
erials wall  certainly  be  much  higher  than  that  of  a  polymeric- 
matrix  composite.  The  conductivity  should  be  approximate- 
ly, half  that  of  unreinforced  aluminium  in  a  typical  50 
volume  %  boron-aluminium  composite.  Transverse  thermal 
conductivities  are  matrix  dominated  and  very  low  for  both 
the  graphite  and  boron-reinforced  epoxy  materials. 

The  only  available  data  for  PRD  49  indicate  a  longitudinal 
thermal  conductivity  approximately  the  same  as  that  for 
boron-epoxy  within  the  cryogenic  range. 

These  data  suffice  to  show  that  the  thermal  conductivities  of 
ihe  epoxy-matrix  advanced  composites,  particularly  boron- 
reinforced,  are  low  enough  to  make  them  attractive  for 
cryogenic  structural  components. 

Composite  specific  heat 

Fig.  17  shows  the  specific  heat  of  the  advanced  composites 
to  be  similar  to  those  of  the  glass-reinforced  composites  dis- 
cussed in  Part  1  of  this  paper.  Again,  an  almost  linear 
temperature  dependence  of  Cp  is  observed  from  295  K  to 
77  K.  As  a  group,  the  specific  heats  of  the  composites  are 


slightly  lower  than  that  of  aluminium  for  much  of  the  region 
between  295  K  and  77  K,  but  substantially  higher  than  that 
for  copper  and  most  other  metals.  The  temperature  depen- 
dence of  Cp  for  aluminium,  copper  and  titanium  are  included 
on  Fig.  17  for  comparative  purposes. 

The  highest  specific  heat  at  cryogenic  temperatures  was  re- 
ported for  boron-aluminium,  the  aluminium  matrix  undoubt- 
edly contributing  significantly  to  this  relatively  high  value. 
The  depicted  curve  is  the  average  of  data  reported  by  Hertz 
et  ap3  for  4.2  mil  Borsic/6061  and  5.6  mil  boron/6061. 
Slightly  higher  values  were  reported  at  295  K  and  200  K  for 
the  larger  filament  size,  falling  to  slightly  lower  at  77  K.  The 
data  indicate  that  the  Borsic-aluminium  hybrids  had  slightly 
lower  specific  heats,  probably  reflecting  the  contributions 
from  the  steel  and  titanium  reinforcements.  The  specific 
heat  of  the  boron-epoxy  composite  lies  between  that  of  the 
boron-aluminium  and  the  graphite-epoxy.  The  specific  heat 
of  the  latter  has  undoubtedly  been  lowered  by  the  graphite 
which,  as  shown  by  the  dashed  curve  on  Fig.  17,  has  itself  a 
relatively  low  specific  heat. 

The  data  indicate  that  boron-epoxy  has  a  comparatively 
'  high  specific  heat  at  room  temperature.  This  is  not  unrea- 
sonable, as  boron  has  a  room  temperature  specific  heat  of 
about  12.9  X  10^  J  kg''  K"'.  No  cryogenic  specific  heat 
data  were  available  for  boron  or  epoxy;  however,  the  com- 
posite data  suggest  a  rapidly  decreasing  value  of  Cp  for 
boron  as  temperature  decreases,  while  indicating  that  the 
specific  heat  of  epoxy  probably  lies  between  the  curves 
for  boron-epoxy  and  graphite-epoxy. 

Comments  on  advanced  composites 

The  purpose  of  this  review  is  to  give  the  reader  an  under- 
standing of  the  present  state  of  knowledge  as  to  the  magni- 
tude and  temperature  dependence  of  the  properties  of  ad- 
vanced fibre  composites  at  cryogenic  temperatures.  It  is 
apparent  that  present  knowledge  is  incomplete  in  many  re- 
spects; nevertheless,  the  available  data  justify  considerable 
optimism  as  to  the  future  applicability  of  these  materials 
as  structural  components  operating  at  cryogenic 
temperatures. 

Available  data  indicate  that  commercial  state-of-the-art 
boron-reinforced  epoxy  and  aluminium  perform  well  at 
cryogenic  temperatures.  The  higli  tensile  and  compressive 
strengths  and  elastic  moduli  of  these  materials  remain  con- 
stant or  improve  as  the  temperature  is  lowered.  Equally 
impressive  is  the  relatively  small  scatter  in  the  data,  suggest- 
ing a  high  degree  of  reliability  for  components  made  from 
boron-reinforced  composites.  The  data  suggest  that  the 
commercial  products  may  be  used  effectively  at  cryogenic 
temperatures  without  optimization  of  the  composite 
matrix. 

Although  actual  data  are  not  available,  boron-aluminium 
composites  are  certain  to  have  a  much  higher  thermal  con- 
ductivity than  any  polymer-matrix  composite  (approximately 
half  that  of  the  unreinforced  alloy).  This  is  a  distinct  dis- 
advantage in  many  cryogenic  applications.  On  the  other 
hand,  the  transverse  strength  and  modulus  of  boron- 
aluminium  is  much  higher  than  that  of  polymer-matrix 
composites.  The  latter  is  a  distinct  advantage  of  metal- 
matrix  composites,  simplifying  composite  design  and  in- 
creasing component  reliabihty. 

Available  data  on  the  cryogenic  performance  of  the  graphite- 
reinforced  epoxy  class  of  composites  are  less  convincing. 
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!    These  materials  can  be  produced  with  moduh  higher  than 
'    those  obtainable  with  boron-reinforced  materials.  Graphite- 

epoxies  have  the  highest  thermal  stability  of  any  composite 
I    class,  which  is  an  advantage  for  many  cryogenic  applications, 
j    However,  the  ultimate  tensile  strengths  of  the  graphite- 
I    epoxies  are  substantially  lower  than  for  composites  with 

boron  reinforcement,  and  the  strength  tends  to  decrease 
'  ~upon  cooling  to  cryogenic  temperatures.  Mechanical  pro- 
I    perty  test  resuhs  are  frequently  unpredictable  and  contra- 
j    dictory.  It  is  not  at  present  known  how  much  of  the  erratic 

behaviour  is  due  to  problems  in  testing  and  how  much  is  an 

inlierent  characteristic  of  the  material.  Certainly,  the  over- 
I    all  performance  of  graphite-fibre  overwrapped  pressure 
I    vessels  reported  by  Larsen  and  Simon  '°  was  much  better 
i    than  would  have  been  predicted  from  their  basic  test  data. 

We  therefore  conclude  that  graphite-reinforced  composites 
i    have  potential  for  structural  use  at  cryogenic  temperatures, 

in  particular,  for  applications  requiring  dimensional 

stability.  However,  further  development  and  testing  are 

required. 

PRD  49  (Kevlar  49)-reinforced  epoxies  also  appear  pro- 
mising for  cryogenic  applications,  due  to  the  relatively  low 

I    cost  of  the  fibre  and  the  improved  modulus  compared  to 
glass.  However,  present  data  on  this  material  are  minimal, 
and  further  investigation  must  be  undertaken  before  this 

i    material  can  be  appUed  with  confidence  in  a  cryogenic  en- 
vironment. PRD  49  is  unusual  in  that  it  undergoes  a  sign- 

j    ficant  expansion  in  the  fibre  direction  during  cooling  to 
cryogenic  temperatures.  Large  residual  stresses  between  the 

I  fibre  and  the  epoxy  matrix  might  be  expected  to  adversely 
j    affect  the  mechanical  properties  of  composites  made  with 

;    this  material.  Nevertheless,  the  work  of  Hoggatt  ^^'^^has 
shown  that,  with  proper  design,  PRD  49-epoxy  composites 

'    can  be  used  to  good  advantage  in  some  cr>'0genic  applic- 
ations. As  no  compressive  strength  data  were  available  at 
cryogenic  temperatures,  the  potential  user  should  investigate 
this  parameter  in  applications  where  compressive  loading  is 
a  factor. 

In  contrast  to  the  boron-reinforced  materials,  the  available 
data  suggest  that  both  graphite  and  PRD  49-reinforced 

II  composites  may  benefit  from  matrix  optimization  when 

'    used  at  cryogenic  temperatures.  Larsen  and  Simon  have 
recommended  NASA  Resin  2  for  both  uniaxial  and  crossply 
graphite-reinforced  composites.  The  work  of  Hoggatt 
suggests  that  this  type  of  matrix  is  also  satisfactory  for  PRD 
.i    49  reinforcement. ^^'^^  When  considering  the  use  of  NASA 
I    Resin  2,  the  reader  should  be  aware  that  this  resin  has  been 
optimized  for  cryogenic  use  by  the  addition  of  flexibilizers, 
which  significantly  reduce  the  strength  at  elevated  temper- 
!    atures.  In  particular,  care  must  be  taken  to  properly  sup- 
1    port  components  made  with  this  resin  whenever  elevated 
If    temperature  baking  of  a  component  is  required. 

The  foregoing  is  not  intended  to  imply  that  the  NASA  Resin 

2  formulation  is  clearly  the  best  resin  for  all  cryogenic 
I    applications.  Composite  manufacturers  may  well  recom- 
ji   mend  other  types  of  epoxies  for  cryogenic  applications.  The 
:     present  report  is  not  intended  to  be  prejudicial  to  such 

recommendations.  However,  the  purchaser  is  advised  to 
||    request  documentation  that  the  recommended  resin  has 
[j    shown  itself  to  be  suitable  for  the  intended  cryogenic  applic- 
I    ation.  In  particular,  the  suitability  of  various  resins  for 
!:    crossply  composites  subjected  to  fatigue  loading  under 

cryogenic  conditions  has  not  been  adequately  investigated. 


Summary  of  primary  property  trends  in  uniaxial  ' 
advanced  composites  upon  cooling  to  cryogenic  | 
temperatures  j 

Tensile  strength  i 

Boron-epoxy  and  boron-aluminium  show  little  temperature 
dependence  of  strength.  The  same  appears  to  be  true  for  ; 
PRD  49  (Kevlar  49)-epoxy,  although  data  are  minimal. 
The  graphite-epoxies  tend  toward  decreased  strength  on 
cooling,  77  K  values  being  of  the  order  of  20  x  1 0^  lb  in'^  { 
(138  MPa)  lower  than  at  room  temperature.  "j 

1 

N 

Tensile  modulus  | 

Boron-epoxy,  boron-aluminium,  and  graphite-epoxy  com-  \ 

posites  appear  to  retain  their  room-temperature  moduli  j 

when  cooled  to  77  K.  Minimal  available  data  indicate  that  J 

PRD  49  (Kevlar  49)-epoxy  composites  undergo  a  substan-  l 

tial  modulus  increase  on  cooling  below  77  K.  | 

Compressive  strength  \ 

Compressive  strengths  of  the  advanced  composites  tend  to  ^ 
either  increase  (boron-epoxy,  graphite-epoxy)  or  to  remain 
essentially  unchanged  (boron- aluminium)  during  cooling  ' 
to  77  K.  Compressive  strength  data  were  not  available  for  -i 
PRD  49  (Kevlar  49)-epoxy  composites.  i 

Compressive  modulus  i 

Compressive  moduli  generally  remain  unchanged  upon  cool-  j 

ing  to  cryogenic  temperatures,  except  for  a  small  moduli  I 

ijicrease  reported  for  boron-epoxy.  Data  were  not  available  i 

for  PRD  49  (Kevlar  49)-epoxy.  j 

Ultimate  tensile  strain  ] 

Available  data  indicate  a  small  (5—15%)  decrease  in  longi-  i 
tudinal  strain  at  faUure  on  cooling  boron-aluminium  and 
graphite-epoxy  to  77  K;  the  latter  being  the  more  temper- 
ature sensitive.  Transverse  failure  strain  appears  almost 
independent  of  temperature  in  these  composites.  Data  were 
not  available  for  PRD  49  (Kevlar  49)  or  boron-epoxy. 

In-plane  shear  strength  and  modulus  ■ 

Insufficient  data  are  available  to  indicate  trends  in  these 
properties.  One  reference  cited  about  a  14%  drop  in  shear 
strength,  concomitant  with  about  a  50%  shear  modulus  ^ 
increase,  for  a  graphite-epoxy  composite  upon  cooling  to 
77  K;  however,  variations  in  fibre  type  and  matrix  com-  i 
position  will  undoubtedly  affect  the  temperature  sensitivity  j 
of  these  properties.  No  data  were  available  for  other 
advanced  composites. 

\ 

Thermal  expansion  and  contraction 

Graphite-epoxy  is  the  most  dimensionally  stable  of  the 
advanced  composites,  undergoing  a  very  sUght  expansion 
longitudinally  (fibre  direction)  and  moderate  transverse 
contraction  on  cooling.  Boron-epoxy  is  the  next  most 
stable,  showing  moderate  contraction  in  both  directions 
on  cooling.  Boron-aluminium  contracts  about  twice  as 
much  as  boron-epoxy  longitudinally;  however,  the  con- 
traction is  only  about  20%  of  that  of  the  unreinforced  j 
metal.  Transverse  contraction  of  boron-aluminium  is  al-  ' 
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most  the  same  as  that  of  the  unreinf creed  metal.  PRD  49 
(Kevlar  49)-epoxy  composites  are  the  least  dimensionally 
stable,  expanding  substantially  in  the  longitudinal  direction 
and  contracting  substantially  in  the  transverse  direction. 

Thermal  conductivity 

Boron-epoxy  and  PRD  49  (Kevlar  49)-epoxy  have  substan- 
tially lower  longitudinal  thermal  conductivity  than  graphite- 
epoxy  composites.  Differences  in  conductivity  decrease  as 
temperature  decreases.  Conductivity  in  the  transverse  direc- 
tion is  approximately  the  same  for  graphite  and  boron-epoxy, 
being  much  lower  in  this  direction.  Data  were  not  available 
for  PRD  49  (Kevlar  49)-epoxy  and  for  boron-aluminium. 

Specific  heat 

The  specific  heat  of  the  advanced  composites  appear  to  be 
almost  linear  from  295  K  to  77  K.  As  a  group,  the  values 
are  slightly  lower  than  that  of  aluminium,  but  substantially 
above  that  of  titanium  or  copper.  The  specific  heat  of 
boron-aluminium  is  slightly  higher  than  that  of  boron- 
epoxy  or  graphite-epoxy.  No  data  were  available  for  PRD 
49  (Kevlar  49)-epoxy. 
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The  use  in  this  paper  of  trade  names  of  specific  products  is 
essential  to  the  proper  understanding  of  the  work  presented. 
Their  use  in  no  way  implies  approval,  endorsement  or  re- 
commendation by  NBS.  Generic  names  have  been  substit- 
uted whenever  it  was  possible  to  do  so  without  sacrificing 
clarity.  Manufacturers  of  the  trade  named  materials  are 
listed  in  the  Appendix. 

Appendix 

The  following  materials  are  referred  to  in  this  report: 
Fibres 


Graphite 

HT-S,  HM-S 
HMG-25,  HMG-50 
Modmor  I,  II 
Thornel  25,  50 
Samco  320 
Fibralloy  300 
GY-70 

Boron 

Borsic 

Others 

PRD  49  (Kevlar  49) 

Resins 

Epoxies 

X-904,  X-915 
ERL2256,  ERLB  4617 
Epon  828,  1031,  58-68R 


Courtaulds  Ltd 
Hitco  Corp 
Morganite  Ltd 
Union  Carbide  Corp 
Samco  Corp 
Monsanto  Corp 
Celanese  Corp 

Hamilton  Standard  Corp 


E.  I.  DuPont  de  Nemours, 
Inc 


Fiberite  Corp 

Union  Carbide  Plastics  Co 

Shell  Chemical  Corp, 


Plastics  &  Resin  Div 
US  Polymeric  Corp 
Hercules  Corp 


Monsanto  Corp 
American  Cyanimid 


Union  Carbide  Plastics  Co 
Emery  Industries,  Inc 


Minnesota  Mining  & 
Manufacturing  Co 
AVCO  Corporation 


E-350,  E-787 
Ciba  8183/137,  3002 

Others 

Skybond  703  (polyimide) 
HT424  (epoxy-phenolic) 

Flexibilizers,  Hardeners 

ZZL  0820 
Empol  1040 

DSA  -  dodecenyl  succinic 

anhydride 
BDMA  —  benzyldimethylamine 
NMA  —  nadic  methyl  anhydride 

Boron  Composite  Products 
SP-272 

5505 
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Bibliography  —  property  cross  reference 
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at"              1-1.3,2-2.2,1-1.3,2-2.2,  1-1,3,2-2.2,     2-2.2,37,67     1-1.3,2-2.2,    2-2.2,85  2-2.2,57,66,  2-2.2 

3-3.5,  4,  5,    3-3.2,  3-4,  40,  54,  55,  57,    68,  80,  94,         24,  40,  57, 

5.1,22,24,    3.5,34,40,  64-66,71,75,    102,113  64,66,68,97 

28,33,35,     55,57,63,  83,93,97, 

40,43,46,     64,66,75,  111,112 
47,52,54,  109 

55,  57,  66, 
71,87 

e\               1-1.3,2-2.2,1-1.3,2-2.2,  1-1.3,2-2.2,    2-2.2,80          1-1.3,2-2.2,    2-2.2  2-2.2,57,66  2-2.2,24 

3-3.5,4.5,     3,34,55,57,  54,55,57  24,57 

5.1,24,28,  97,111 
35,  55,  56, 
57,  66,  87 

E\                1-1.3,2,3-   1-1.3,2,55,  1-1.3,55,57                            1-1.3,2,57       2  2,57  2 

3.5,28,55,  57 

56,  57 

e*               3-3.5,4,5,    3-3.5,64  64,65,112        80,89,102        64  85 

5.1,  35,64 
85 

of"              1-1.3,2-2.2,1-1.3,2-2.2  1-1.3,2-2.2,    2-2.2,80          1-1.3,2-2.2,     2-2.2  2-2.2  2-2.2 

3-3.5,4,40,3-3.3,3.5,  40,41,57,71,  40,57,97 

57,66,71       40,57,66  83,93,97 

e\               1-1.3,2,3-  1-1.3,2,2.2,  1-1.3,2-2.2,    2-2.2,80          1-1.3,2-2.2     2-2.2  2-2.2  2-2.2 

3.2,3.4,         57  57,83,93,97  57 
3.5,  57 

e[               1-1.3,2        1-1.3,2  1-1.3,2            1-1.3,2  1-1.3,2  2  2 

a<="             1-1.3,2,        1-1.3,2,2.2,  1-1.3,2-2.2,    2-2.2,80          1-1.3,2-2.2,    2-2.2  2-2.2, 'ol  2-2.2,24 

2.2,  3-3.2,     3-3.5,  34,  57  57,  82,  97                               24,  57 
3.4,3.5, 

24,  57,  66 

5=               1,1.2,1.3,      1-1.3,2,2.2,  1-1.3,2-2.2,    2-2.2,80          1-1.3,2-2.2,    2-2.2  2-2.2  2-2.2 

2,2.2,57       57,66  57,82,97  57 

a''              3-3.2,3.4,     3-3.5  71 
3.5,4,4.1, 
5,  5.1,  22, 
47,  71 

T)*                1,1.3,2,2.1,1-1.3,2-2.2,  1-1.3,2-2.2                             1-1,3,2  2  2  2 

2.2,  66,  70,    34,  70 


.by 


99 


2-2.2,3-3.2,  2  2  2  2 

3.4,  3.5 

a'*              4,71,103      62,109  71,97  80 

X                3,4.1,14,      3,14,16-16.3,14,16-16.3,      14,16-16.3       14,16-16.3,  14,16-16.3  16,24 

16-16.3,21,  90  49 
23-25,38, 
42,56,61, 
63,90, 114 

\UL           3,5,14,16,     3,14,16-16.3  14,16-16.3,      14,16-16.3,80  14,16-16.3,      5,85,91  14,16-16.3  16,16.2 

16.2,16.3,28,  26,27,50,  67 

69,85,91,  111 
100,101,104, 
114 

Cp               15,16,16.2,   15,16-16.3  15,16-16.3,      15,16-16.3       15,16-16.3,  15,16-16.3  16-16.3,24 

16.3,24,114  64  24 

•  includes  fracture  toughness 
*•  polybenzimidezole 
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Bibliography— property  cross  reference  (contd) 


Property 

Graphite- 
Epoxy 

Boron- 
Epoxy 

Boron- 
Aluminum 

PRD-49 
Epoxy 

ctu 

8,  9,  10,  10.2, 
13,13.2,32, 
47,  51,  58 

13,  20,  22 
47,53,58, 
81 

13,  13.3 

29,  44, 
59,  60 

8,  9,  10,  10.1, 
13,  51 

13,  81 

13,  13.3 

44,  59, 
60 

13 

20 

13 

8,  10,  10.1, 
11,  12,  13, 
13.2,  58 

58 

t' 

8,  10.1 

cu 

a 

1 3 

13,  13.3 

£C 

13 

13,  81 

13,  13.3 

8,  9,  10,  10.1, 
10.2,  12,  13, 
13.2,  47,  58 

13,  22,  47, 
58,  81 

13,  13.3 

59,60 

t 

rj 

45 

20 

bv 

13,  13.3 

I* 

a' 

9,  10.2 

81 

\ 

13,  17,  18,  38 

13,  38,  63,  81 

AL/L 

10,  13,  13.2, 
17,  18,  36,  51, 

R9   04  OR 
xJZ,  OH,  00 

13 

13,  13.3 

59,60 

Cp 

13 

13 

13,  13.3 

*  includes  fracture  toughness 


Miscellaneous  properties 

Notch  tensile  strength  Glass-Epoxy  (3-3.2,  3.4,  3.5,  43, 
46) 

Vapour  permeability  Glass-Epoxy  (28) 

Modulus  of  rigidity  Glass-Epoxy  (53),  Glass-Teflon  (80), 
Boron-Epoxy  (53) 

Poissons  ratio  Glass-Epoxy  (53),  Boron-Epoxy  (53) 

Proportional  limit  in  tension  Glass-Epoxy  (55,  56),  Glass- 
Polyester  (1-1.3,  55,  56) 

Static  fatigue  Glass-Epoxy  (66,  99),  PRD  49-Epoxy  (44) 

Environmental  effects  G\ass-Epox\/  (4—4.4),  Graphite- 
Epoxy  (13,  13.2,  17,  58)  Boron-Epoxy  (13,  58), 
Boron-Aluminium  (13,  36),  PRD  49-Epoxy  (44) 


Electrical  resistivity  Graphite-Epoxy  (13),  Boron- 
Epoxy  (13) 

Thermo-optical  effects  Graphite-Epoxy  (13,84),  Boron- 
Epoxy  (13) 

Density  Glass-Epoxy,  Polyester,  Phenolic,  Silicone,  Phenyl 
Silane  (14,  57),  Glass-Teflon  (14),  Glass-Polybenzimidazole 
(16),  Graphite-Epoxy  (9,  13),  Graphite-Phenolic  (14), 
Graphite-Polyimide  (12.1) 

Radiation  effects  (13.2,  33,  37,  40,  51,  52,  64,  65,  75,  94, 
112,  113) 

Cryogen  competability  (33) 
Miscellaneous  composites 

Glass-Polyimide  a^"  (24,  67,  68),  a^"  (89),  a''  (12.1,  89) 
AL/L  (67) 

,  Glass-Melamine  a*"  (65),     (65),  X  (90) 
Glass-  Viton  a^"  (68) 

Glass-Phenyl  formaldenhyde  a'  (1 10),  X  (72),  Cp  (72) 
Si02-Epoxy  a'"  (31),  AL/L  (28) 

Graphite-Aluminium  a*"  (thermal  cycling  effects  6—6.2) 

Graphite-Polyimide  a  (14,  16-16.3)  AL/L  (14,  16-16.3) 

Steel-Aluminium  a*"  (7,  7.1),  e'  (7.1),  a*  (7,  7.1) 

Steel-Epoxy  a'"  (2,  30),     (2,  30),  a^"  (2),  a^^"  (2), 
(2),nt  (2) 

Boron/Steel-Aluminium\  a'",  f*,  ct'=",  £^  a^^ ,  AL/L/C^ 

Boron/Titanium-  /(1 3,  13.3),  a»',  e«,  a7M13) 

Aluroininium  ) 

Potassium  titanate-epoxy  X  (16),  Cp  (16) 
Pressure  vessel  applications 

Glass- filament  (19,  20,  39,  42,  46-48,  53,  67,  69,  76,  77, 
91,  92,  95,  96,  98-100,  104-108,  113) 

Graphite-filament  (8,  10,  10.1,  45,  47,  100) 

Boron-filament  (20,  47,  53,  78) 

PRD  40-filament  (59,  60) 
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Suimnary;     Elastic  Properties 


During  the  six  months  preceding        March  1976,  the  following  studies 
were  completed: 

(1)  2000-series  aluminum  alloys.     Two  alloys  --  2014   (Al-Cu-Si-Mg)  and 
2219   (Al-Cu)   were  studied  in  their  precipitation-hardened  conditions  by  a 
pulse-echo  method  between  room  temperature  and  liquid-helium  temperature. 
These  alloys  exhibit  similar  elastic  properties  and  regular  behavior  with 
respect  to  temperature.     They  are  slightly  stiff er  elastically  than  some  of 
the  other  aluminum  alloys  that  were  reported  on  previously  in  these  reports. 
Results  of  the  study  are  given  in  an  accompanying  manuscript  "Low-temperature 
elastic  properties  of  aluminum  alloys  2014  and  2019"  by  D.  T.   Read  and  H.  M. 
Ledbetter. 

(2)  Face-centered-cubic ,   iron-nickel,  high-permeability  alloy.  Iron- 
47.5  nickel  was  studied  between  room  temperature  and  liquid-helium  tempera- 
ture by  a  pulse-echo  method.     Besides  invar,   iron-36  nickel,  this  is  the 
only  material  of  this  type  for  which  low-temperature  elastic  constants  have 
been  determined.     Contrary  to  some  previous  reports,  the  room-temperature 
thermo-elastic  coefficients  are  normal  for  this  material.     Results  of  the 
study  are  given  in  an  accompanying  manuscript  "Low-temperature  elastic  pro- 
perties of  iron-47.5  nickel"  by  H.  M.  Ledbetter  and  D.  T.  Read. 

(3)  Nickel-chromium-iron-molybdenum  alloy .     There  is  an  accompanying 
reprint  of  our  previously  described  results  on  Inconel  718:     W.   F.  Weston 
and  H.  M.  Ledbetter,   "Low- temperature  elastic  properties  of  a  nickel- 
chromium-iron-molybdenum  alloy,"  Mater.   Sci.   Engg.   2_0    (1975)  287-90. 

(4)  Aluminum  alloys  1100,    5083,   7005,   7075.     There  is  an  accompanying 
reprint  of  our  previously  described  results  on  four  aluminum  alloys:     E.  R. 
Naimon,  H.  M.  Ledbetter,  and  W.  F.  Weston,   "Low-temperature  elastic  proper- 
ties of  four  wrought  and  annealed  aluminium  alloys,"  J.  Mater.  Sci.   1_0  (1975) 
1309-16. 

(5)  Copper-nickel  alloys.     Our  study  on  copper,   copper-10  nickel,  and 
copper-30  nickel  was  published:     H.  M.   Ledbetter  and  W.   F.  Weston,  "Low- 
temperature  elastic  properties  of  some  copper-nickel  alloys,"  1975  Ultrasonics 
Symp.   Proc,   IEEE  Cat.   No.   75  CHO  994-45U,   623-7.     A  reprint  is  not  included 
here  because  it  is  indentical  to  the  preprint  version  given  previously. 

(6)  Superconducting-coil  composite.     There  is  an  accompanying  reprint 
of  our  previously  described  results  on  a  niobium-titanium,  copper-stabilized, 
epoxy-impregnated ,   superconducting-coil  composite:     W.   F.   Weston,  "Low- 
temperature  elastic  constants  of  a  superconducting  coil  composite,"  J.  Appl . 
Phys.   4_6   (1975)  4458-65. 
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Abstract 

Elastic  properties  of  aluminum  alloys  2014  and  2219  were  studied 
in  their  precipitation-hardened  conditions  between  4  and  300  K  using 
an  ultrasonic  pulse-echo  superposition  technique.    Results  are  given 
for  longitudinal  sound  velocity,  transverse  sound  velocity.  Young's 
modulus,  shear  modulus,  bulk  modulus,  and  Poisson's  ratio.    The  Young's 
moduli  increase  about  eleven  percent  on  cooling.    The  shear  moduli  are 
about  ten  percent  higher  than  for  unalloyed  aluminum.    All  the  elastic 
constants  show  regular  temperature  behavior. 

Key  words:    Aluminum  alloys;  bulk  modulus;  compressibility;  Debye 
temperature;  Poisson's  ratio;  precipitation-hardening  alloys;  shear 
modulus;  sound  velocity;  Young's  modulus. 
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Introduction 

The  combination  of  a  high  ratio  of  strength  to  weight  and  high 
toughness  at  low  temperatures  makes  many  aluminum  alloys  attractive  for 
cryogenic  structural  applications.    In  this  report,  the  cryogenic  elas- 
tic properties  of  two  aluminum  alloys,  2014  and  2219,  used  frequently 
at  low  temperatures,  are  described.    All  2000-series  alloys  are  preci- 
pitation hardenable,  containing  copper  as  the  principal  alloying  element. 

Alloy  2014  has  better  mechanical  properties,  but  alloy  2219  has 
superior  weldability.    This  is  believed  to  be  the  first  report  of  a 
complete  set  of  low-temperature  polycrystal 1 ine  elastic  constants  for  a 
series  of  2000-type  aluminum  alloys. 

Elastic  constants  are  necessary  parameters  in  the  design  of  criti- 
cal load-bearing  members;  they  relate  the  stress  applied  to  an  object 
to  its  change  in  dimensions  produced  by  the  stress.    Elastic  constants 
are  also  used  in  analyzing  the  fracture  properties  of  a  material.  The 
factor  E/(l  -  v  ),  where  E  is  Young's  modulus  and  v  is  Poisson's  ratio, 
occurs  frequently  when  the  strength  properties  of  materials  are  con- 
sidered. 

Some  elastic-property  data  on  these  alloys  were  reported  previously[l]. 
However,  the  inaccuracies  of  those  data  were  high,  and  the  shear  modulus 
was  not  reported.    Thus,  neither  the  bulk  modulus  nor  Poisson's  ratio, 
which  are  frequently  of  interest  in  engineering  design,  can  be  computed. 

In  the  present  study,  an  ultrasonic  (10  MHz)  pulse-superposition 
method[2]  was  used  for  determining  the  velocity  v  of  an  ultrasonic  pulse 

propagated  through  the  specimen.    Appropriate  moduli  C  were  calculated 

2 

using  equations  of  the  type  C  =  pv  ,  where  p  is  the  mass  density.  This 
indirect  technique  is  more  accurate  than  the  more  familiar  direct 
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measurement  of  the  change  in  length  of  a  specimen  under  load  where  large 

errors  can  arise  from  mechanical  misalignments.    Ultrasonic  methods  have 

many  advantages:    small  specimens  are  sufficient,  so  that  ancillary 

equipment  such  as  probes  and  dewars  can  also  be  small,  and  refrigeration 

costs  are  low;  specimens  can  have  a  simple  geometry  and  can  be  easily 

prepared;  measurements  can  be  made  as  nearly  continuously  as  desired; 

5 

relative  imprecision  is  low,  about  one  part  in  10    for  the  velocities; 
laboratory-to-laboratory  variations  of  the  elastic  constants  are  typi- 
cally a  few  percent  or  less;  and  the  relevant  properties  of  the  quartz 
transducer  used  to  generate  and  detect  ultrasonic  pulses  are  affected 
only  slightly  by  temperature. 

Materials 

Aluminum  alloys  2014  and  2219  are  precipi tation-hardenable  alloys 
containing  copper  and  other  alloy  elements.    Their  chemical  compositions 
are  given  in  Table  1.    The  2014  alloy  was  tested  in  the  T652  condition: 
solution  heat-treated,  artificially  aged,  and  stress  relieved  by  roll- 
ing.   The  2219  alloy  was  tested  in  the  T87  condition:    solution  heat 
treated,  cold  worked,  and  artificially  aged.    The  2014-T652  and  2219- 
T87  alloys  had  Rockwell  hardnesses  of  B  80.6  and  B  81.1  and  mass  densi- 
ties  of  2.810  and  2.835  g/cm^,  respectively.    Metal lographic  examination 
of  these  alloys  revealed  severely  elongated  grains.    Surfaces  perpendi- 
cular to  the  rolling  direction  showed  nearly  equi-axed  grains  with  dia- 
meters of  about  0.02  cm  in  the  2014  alloy  and  0.03  cm  in  the  2219  alloy. 
Surfaces  parallel  to  the  rolling  direction  showed  grains  so  severely 
elongated  that  their  dimensions  could  not  be  determined  accurately. 

Procedures 

The  specimen  materials  were  obtained  from  commercial  sources;  the 
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2014  alloy  was  obtained  as  a  7.6-cm  thick  forging,  and  the  2219  alloy 
was  received  in  the  form  of  a  3.8-cm  thick  plate.    The  hardnesses  were 
determined  by  a  standard  technique;  the  mass  densities  were  determined 
by  the  method  of  Archimedes  using  distilled  water  as  a  standard. 

Quartz  transducers  were  bonded  to  the  specimens  with  phenyl  salicylate 
(salol)  for  room  temperature  measurements  and  with  stopcock  grease  for 
the  initial  part  of  the  low-temperature  measurements.    These  bonds  failed 
around  70  K,  so  that  a  silicone  fluid  (viscosity  =  20  kPa-s  at  25°  C)  was 
used  for  bonding  at  very  low  temperatures.    The  low-temperature  apparatus 
was  described  previously[3] . 

Elastic  constants  were  determined  from  sound-velocity  measurements 
between  room  temperature  and  liquid-helium  temperature.    The  inaccuracy  of 
the  velocities  is  estimated  to  be  less  than  +  1%. 

Transducer  and  bond  effects  were  minimized  by  measuring  the  transit 
times  for  both  the  one-transducer  (usual)  case  and  the  two-transducer  case, 
using  "identical"  transducers  and  bonds.    The  corrections  were  about  one 
percent. 

Low-temperature  data  were  obtained  by  a  pulse-echo-superposition 
method[2],  which  gives  the  ratio  of  the  low-temperature  velocity  to  the 
room-temperature  velocity  with  an  imprecision  of  about  0.001%. 

The  main  limitation  on  the  usefulness  of  the  present  results  is  the 
batch-to-batch  variation  of  commercial  materials.    Due  to  this  factor, 
variations  in  the  elastic  constants  as  large  as  one  percent  could  be  expected, 
but  temperature  coefficients  should  be  unaffected.    Thus,  measurements  on 
similar  alloys  at  room  temperature  should  establish  their  elastic  constants 
over  the  entire  0-300  K  region. 
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Results  and  Discussion 

The  measured  longitudinal  moduli  C  =  pv^  for  both  alloys  are  shown 
in  Fig.  1.    The  small  steps  between  adjacent  data  points  for  the  2219 
alloy  at  80  K  and  140  K  are  not  representative  of  the  material's  elas- 
tic behavior,  but  are  artifacts  of  the  measurement  process.    They  are 
due  to  the  use  of  two  different  bonding  agents  to  seal  the  quartz  trans- 
ducer to  the  specimen  for  the  low  temperature  measurements.    The  temp- 
erature dependences  of  the  longitudinal  moduli  of  both  the  2014  and  the 
2219  alloys  are  quite  regular. 

The  measured  transverse  moauli  are  shown  in  Fig.  2.    Again,  the 
small  step  at  120  K  in  the  modulus  of  the  2219  alloy  is  a  measurement 
artifact.    The  temperature  dependences  of  the  transverse  moduli  of  both 

alloys  are  also  quite  regular.    The  data  shown  in  Figs.  1  and  2  were 
fitted  to  a  function  of  temperature  suggested  by  Varshni[4]: 

C  =  CO  -   i— s— ' 

exp(t/T)-r 

where  C  is  any  elastic  stiffness  constant  (C-|  and       in  this  case),  C^, 
s,  and  t  are  the  fitting  parameters,  and  T  is  the  temperature.    The  fitted 
curves  are  shown  along  with  the  data  in  Figs.  1  and  2.    Values  of  the  fit- 
ting parameters  are  given  in  Table  2,    Average  differences  between  the  mea 
sured  moduli  and  the  fitted  curves  were  about  0.05%. 

The  elastic  De^-ye  temperatures  for  these  alloys  were  calculated 
from  their  elastic  constants  at  T  =  0  K,  and  they  are  given  in  Table  2. 
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As  expected  from  their  higher  shear  moduli  (discussed  below),  the  alloys 
have  higher  Debye  temperatures  than  "pure"  aluminum  where  £  =  431  K. 

Values  of  the  longitudinal  and  transverse  moduli  calculated  using 
the  fitted  Varshni  parameters  were  used  to  calculate  other  elastic  con- 
stants.   The  additional  elastic  constants  reported  here:    the  shear  modulus 
G,  the  Young's  modulus  E,  the  bulk  modulus  B,  and  the  Poisson's  ratio  v, 
are  given  by  the  following  formulas [5]: 

G  =       =  Qi\  ,  (2) 

E  =  3G(C^  -  4/3  C^)/(C^  -  C^),  (3) 

B  =       -  4/3  C^,  (4) 

and 

V  =  1/2(C-,  -  2  C^)/(C^  -  C^).  (5) 

The  four  elastic  constants  obtained  using  these  relations  are  shown  as 
functions  of  temperature  in  Figs.  2-5.    Values  of  these  elastic  constants 
at  selected  temperatures  are  given  in  Table  3,  along  with  some  previous 
results. 

As  shown  by  the  data  in  Table  3,  changes  in  the  elastic  constants  of 
aluminum  alloys  2014  and  2219  between  300  and  0  K  are  about  12"'^  for  E  and 
G,  and  about  4";  for  B  and  v.    These  changes  are  much  larger  than  those 
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observed  in  alloys  based  on  iron[6]  and  copper[7] ,  two  other  common  base 
metals.    Most  of  the  changes  in  the  elastic  constants  of  these  aluminum 
alloys  with  temperature  occur  above  liquid-nitrogen  temperature,  77  K. 

The  outstanding  feature  of  the  data  shown  in  Figs.  1-5  is  the 
regular  temperature  dependence  of  all  the  elastic  constants.    These  two 
aluminum  alloys  are  good  examples  of  materials  with  simple,  ordinary 
elastic  behavior  with  respect  to  temperature.    This  regular  behavior  was 
not  evident  from  some  previous  reports  on  these  alloys. 

The  bulk  moduli  of  the  2014  and  2219  alloys  differ  by  0.3%  and  3.9% 
from  that  of  pure  aluminum,  while  the  shear  moduli  of  these  alloys  differ 
by  8.5%  and  11.9%  from  that  of  pure  aluminum[8].    Thus,  the  alloying 
elements  increase  not  only  the  yield  strength  but  also  the  shear  modulus 
of  the  base  material.    Alloying  effects  in  these  materials  are  complicated 
by  the  large  number  of  alloying  elements,  but  it  is  clear  that  the  alloy- 
ing raises  the  shear  moduli  much  more  than  is  expected  from  a  simple 
rule  of  mixtures,  while  the  bulk  modulus  is  affected  only  slightly. 

These  alloys  were  not  examined  for  anisotropic  elastic  behavior 
because  aluminum  single  crystals  are  only  slightly  ani sotropic[8] .  Even 
strongly  textured  polycrystal 1 ine  aggregates  of  aluminum  should  exhibit 
nearly  isotropic  elastic  properties. 

Compared  to  other  aluminum  alloys  that  were  studied  previously[9] , 
2000-series  alloys  have  higher  longitudinal  and  transverse  moduli,  result- 
ing in  higher  Young's  moduli  and  higher  bulk  moduli  than  the  other  alloys; 
but  they  have  the  same  Poisson's  ratio.    The  higher  elastic  moduli  of  the 
2000-series  alloys  may  be  useful  in  critical  design  situations. 

Conclusions 

(1)    With  respect  to  unalloyed  aluminum,  alloys  2014  and  2019  have 


50 


higher  Young's  moduli  ('v  9?0  >  higher  shear  moduli       10%),  higher  bulk 
moduli       2%),  and  lower  Poisson  ratios  ('v  3%). 

(2)  These  elastic  moduli  are  also  higher  than  those  reported  pre- 
viously for  5000-series  and  7000-series  aluminum  alloys. 

(3)  Alloy  2219  has  a  slightly  higher  shear  modulus,  but  a  slightly 
lower  bulk  modulus,  than  alloy  2014. 

(5)    The  temperature  behaviors  of  the  two  alloys  are  very  similar. 
Between  300  and  0  K,  B  increases  about  4%,  E  increases  about  11%,  G 
increases  about  12%,  and  v  decreases  about  3  %. 
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Table  1    Chemical  compositions  of  studied 
aluminum  alloys,  wt.  %^ 

Alloy    Cu       Fe        Mg       Mn        Sn       Ti         V  Zn        Zr  Al 

2014     4.4  0.05     0.8       0.8  Bal 

2219     6.4     0.20    0.01      0.26     0.15    0.16     0.12     0.09     0.16  Bal 


3  For  2014,  nominal  composition.    For  2219,  plasma  arc  analysis. 


Table  2    Varshni-function  parameters  determined  from  a  least-squares 

fit  of  the  data  (see  equation  1)  and  elastic  Debye  temperature,  Q 


Alloy 

Mode 

C°(10^^  Nm-2) 

s(10^^  Nm"2) 

t(K) 

G(K) 

2014 

'  1 

1 .241 

0.0781 

217 

439 

t 

0.3152 

0.0339 

212 

2219 

1 

1.220 

0.0859 

230 

443 

t 

0.3250 

0.0345 

209 
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at  selected  temperatures  in  units  of  Nm"'^,  except 
V,  which  is  dimensionless 


Previous 

Present    Results  results^ 


Alloy 

Temperature (K) 

B 

E 

G 

V 

E 

2014 

300 

.791 

.757 

.282 

.341 

.73 

"  200 

.805 

.794 

.297 

.336 

.74 

100 

.817 

.827 

.311 

.331 

.76 

0 

.821 

.838 

.315 

.330 

— 

2219 

300 

.758 

.774  . 

.291 

.330 

.72 

200 

.772 

.812 

.306 

.325 

.72 

100 

.784 

.845 

.320 

.320 

.74 

0 

.787 

.857 

.325 

.318 

^  2014  alloy  in  the  T-6  condition,  average  of  longitudinal  and  trans- 
verse, interpolated  data;  2219  alloy  in  the  T-81  condition,  average 
of  longitudinal  and  transverse,  interpolated  data. 


List  of  Figures 

Fig.  1.  Longitudinal  modulus  C-j  =  pv^  for  two  2000-series  aluminum 
alloys  in  precipitation-hardened  condition  as  a  function  of 
temperature. 

Fig.  2.    Shear  modulus  G  =       =  pv^    for  two  aluminum  alloys. 
Fig.  3.    Young's  modulus  for  two  aluminum  alloys. 
Fig.  4.    Bulk  modulus  for  two  aluminum  alloys. 
Fig.  5.    Poisson's  ratio  for  two  aluminum  alloys. 
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Fig.  4.    Bulk  modulus  for  two  aluminum  alloys. 
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H.  M.   Ledbetter  and  D.   T.  Read* 


Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


ABSTRACT 


Elastic  properties  of  a  polycrystalline  iron-47.5  wt.   pet.   nickel  alloy 
were  studied  between  room  temperature  and  liquid-helium  temperature.  Room- 
temperature  longitudinal  and  transverse  ultrasonic  velocities  were  deter- 
mined by  a  pulse-echo  technique.     Low-temperature  velocities  were  determined 
by  a  pulse-echo-superposition  technique.     The  reported  elastic  constants  are 
longitudinal  modulus,   shear  modulus,   Young's  modulus,  bulk  modulus,  Poisson 
ratio,   and  elastic  Debye  temperature.     Low-temperature  elastic  constants  of 
face-centered  cubic  iron-nickel  alloys  are  reviewed.     Contrary  to  some  pre- 
vious reports,   the  elastic  constants  behave  regularly  in  the  temperature 
range  studied. 


Key  words:     Bulk  modulus;   compressibility;   Debye  temperature;   iron  alloy; 
nickel  alloy;   Poisson  ratio;   shear  modulus;   sound  velocity;   Young's  modulus, 
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INTRODUCTION 


Elastic  properties  of  an  iron-47.5  nickel  alloy  were  studied  between 
room  temperature  and  liquid-helium  temperature.     Elastic  constants  were 
determined  by  measuring  the  velocities  of  both  longitudinal  and  transverse 
ultrasonic  waves  in  a  polycrystalline  aggregate.     The  following  constants 
are  reported  here:  =  longitudinal  modulus,  G  =  shear  modulus,  B  =  bulk 

modulus,  E  =  Young's  modulus,  v  =  Poisson's  ratio,  and  0  =  elastic  Debye 
temperature . 

Iron  alloys  containing  30-100  percent  nickel  have  a  face-centered  cubic 
crystal  structure,  and  they  are  magnetic  at  room  temperature.     These  alloys 
have  many  interesting  properties  that  are  exploited  technologically . Many 
of  these  properties  involve  magnetostriction,   the  coupling  between  magnetiza- 
tion and  elastic  strain.     Recently,   some  of  the  alloys,  developed  originally 
for  high-temperature  applications,  have  been  used  cryogenically .     The  alloy 
reported  on  here--Fe-47 . 5Ni--is  a  candidate  material  for  shaping  magnetic 
fields  in  superconducting  machinery.     Desirable  properties  for  such  an  appli- 
cation include:      (a)   f erromagnetism  with  high  permeability,    (b)   absence  of 
phase  transitions,    (c)   at  least  moderate  yield  strength,  and   (d)  adequate 
low-temperature  mechanical  properties,   including  both  fatigue  and  fracture. 

Elastic  constants  are  interesting  for  two  principal  reasons.  First, 
elastic  constants  are  related  directly  to  interatom.ic  forces;   thus,  they  are 
connected  with  a  variety  of  solid-state  pnenomena,   including  maximum  attain- 
able strengths,  phase  stabilities,  and  lattice  specific  heats.  Second, 
elastic  constants  are  essential  design  parameters;  to  compute  deflections 
due  to  applied  loads  or  stresses  due  to  temperature  changes  of  constrained 
components,   the  elastic  constants  must  be  known. 

While  the  elastic  constants  of  iron-nickel  alloys  have  been  studied 
extensively,*^  no  low-temperature  elastic  data  exist  for  any  of  the  face- 
centered  cubic  alloys  except  invar, 5  iron-36  nickel.     Because  of  the  many 
elastic  anomalies  exhibited  by  iron-nickel  alloys,^  characteristic  of  magne- 
tic materials,  all  predictive  schemes  for  elastic  constants  are  unreliable 
for  Fe-47.5Ni.     Therefore,  detailed  experimental  studies  are  required  in  this 
case. 


EXPERIMENTAL 

Material 

The  studied  material  was  obtained  from  a  commercial  source  in  the  form 
of  a  10  X  23  X  108  cm  ingot.     The  chemical    (mill)   analysis  of  the  material 
by  weight  was:     0.012C,   0.33Mn,   0.25Si,   0.002P,   0.004S,   and  47.47Ni.     On  an 
atomic  basis,   the  alloy  contained  46.2  Ni.     The  grain  size  was  0.12  mm  deter- 
mined by  an  intercept  method.     The  diamond-pyramid  hardness  number  was  12  3 
for  a  1  kg  load.     The  mass  density  was  8.19  g/cm^ ,   as  determined  by  Archimedes ' s 
method  using  distilled  water  as  a  standard. 

Room-Temperature  Sound  Velocities 

Room-temperature  sound  velocities  were  measured  by  a  pulse-echo  tech- 
nique. 7     Briefly,  a  quartz  piezoelectric  transducer  with  a  fundamental 
resonance  frequency  of  10  MHz  was  cemented  with  phenyl  salycilate  (salol) 
to  one  end  of  a  specimen  having  flat  and  parallel  faces.     The  specimen  in 
this  case  was  a  1.25  X  1.25  X  1.6  cm  parallepiped  with  opposite  faces  ground 
flat  and  parallel  within  2.5  um.     Ultrasonic  pulses  about  one  ps  in  duration 
were  sent  into  the  specimen  by  electrically  exciting  the  transducer.  The 
pulses  propagated  through  the  specimen,  reflected  from  the  end,  and  propagated 
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back.  The  echoes  were  detected  by  the  transducer  and  displayed  on  an  oscil- 
loscope.    The  sound  velocity  was  computed  by 


V  =  2£/t 


(1) 


where  £  is  the  specimen  length  and  t  is  the  transit   (round-trip)   time.  On 
the  oscilloscope,  t  was  the  time  between  subsequent  echoes.     The  oscilloscope 
was  calibrated  against  a  precision  time-mark  generator.     An  x-cut  quartz  trans- 
ducer was  used  for  longitudinal  waves,   and  an  ac-cut  quartz  transducer  was 
used  for  transverse  waves. 

Low-Temperature  Sound  Velocities 

Low-temperature  measurements  of  the  sound  velocities  were  made  by  a 
pulse-echo-superposition  technique.^     Briefly,   the  repetition  rate  of  the 
pulse  was  increased  so  that  each  pulse  coincided  with  the  second  echo  of  the 
preceding  pulse.     Since  the  excitation  voltage  was  large  compared  with  the 
echo  voltages,  the  oscilloscope  display  consisted  of  alternating  pulses  of 
excitation  voltages  and  "echo"  voltages  where  the  "echo"  voltage  represented 
the  sum  of  all  odd-numbered  echoes  of  the  non-superimposed  case.     Because  of 
interference  effects,  the  envelope  of  the  summed  odd-numbered  echoes  is  highly 
sensitive  to  small  changes,  cuased  in  this  case  by  cooling,   in  the  ultrasonic 
velocity . 

The  transducer-specimen  bonding  material  was  a  stopcock  grease.  Temper- 
atures were  monitored  with  a  chromel-constantan  thermocouple  placed  near  the 
specimen.     Cooling  rates  were  about  2  K/min.     The  specimen  holder  was  described 
previously. 9     Cooling  was  achieved  by  lowering  the  specimen-holder  assembly 
stepwise  into  the  ullage  of  a  helium  dewar .     No  thermal  contraction  correc- 
tions were  made.     For  this  alloy,   the  maximum  thermal  contraction  correction 
to  the  elastic  constant,  which  applied  at  T  =  0  K,   is  0.3  percent.     No  cor- 
rection was  made  for  the  transducer-cement-coupling  phase  shift;   the  McSkimin^O 
analysis  gives  a  correction  of  less  than  0.5  percent  in  the  velocity,  assuming 
a  maximum  phase  shift  of  it.     The  transit  time  was  corrected  to  allow  for  the 
thickness  of  the  transducer;   this  correction  is  approximately  one  cycle  at 
10  MHz;   thus,   the  observed  longitudinal  and  transverse  wave  transit  times 
were  reduced  about  1.0  and  0.5  percents,  respectively. 


Room-temperature  sound  velocities  and  elastic  constants  are  given  in 
Table  1.     Both  velocities  were  measured  in  three  orthogonal  directions  and 
averaged  to  allow  for  texture.     For  each  direction,   shear  velocities  were 
measured  for  two  orthogonal  polarizations. 

Longitudinal  and  shear  elastic  constants  were  computed  from  the  velo- 
cities according  to 


RESULTS 


C£     =  PV£ 


(2) 


and 


G  = 


(3) 


where  p  is  the  mass  density. 
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The  temperature  variation  of  these  is  shown  in  Figs.   1  and  2.     Curves  in 
those  figures  are  least-squares  fits  of  the  data  to  the  Varshni^l  relationship: 

^  =  ^°  -  exp(t/T)-l 

where  C  is  C;   or  C^,   C° ,   s,   and  t  are  adjustable  parameters,   and  T  is  temper- 
ature.    The  value  of  C  at  T  =  0  K  is  C° ,  and  -s/t  is  the  high-temperature 
limit  of  the  temperature  derivative  dC/dT.     By  invoking  and  Einstein  oscilla- 
tor model,   it  can  be  shown  that  t  is  the  Einstein  temperature.  Parameters 
C°,   s,  and  t  are  given  in  Table  2.     Average  differences  between  measured  and 
curve  values  are  0.04  and  0.05  percent  for  the  longitudinal  and  transverse 
cases,  respectively. 

Temperature  variations  of  Young's  modulus,  the  bulk  modulus,   and  Poisson's 
ratio  are  shown  in  Figs.   3-5.     These  elastic  constants  were  computed  from 
Eq. (4)    and  the  parameters  in  Table  2  using  the  relationships: 

B  =  C-   -  4/3G,  (5) 

E  =   9GB/  (G  +  3B)  ,  (6) 

and 

V  =    (E/2G)-1.  (7) 

The  elastic  Debye  temperature  was  computed  according  to 

Q  =  h  V  (8) 

K     4 -A  ^vg 

where  h  is  Planck's  constant,   k  is  Boltzmann's  constant,  A  is  the  effective 
atomic  weight   (57.00),   and  the  average  sound  velocity  is  given  by 

v-3  +  2v-3  -1/ 
'avg  =   ^-^)      ^  (9) 

The  result  was  found  to  be  3  =  -i32  k,   using  the  elastic  data  extrapolated  to 
T  =  0  K. 

DISCUSSION 

A.     Temperature  Dependence  of  the  Elastic  Constants 

In  the  temperature  region  studied,  T  =  0  -  300  K,  all  the  polycrystalline 
elastic  constants  behave  regularly  with  respect  to  temperature  changes.  The 
longitudinal,  Young's,   shear,  and  bulk  moduli  all  increase  monotonically  with 
decreasing  temperature,   show  linear  behavior  at  higher  temperatures,   show  a 
continuously  decreasing  slope  with  decreasing  temperature,   approach  relative 
flatness  at  low  temperatures,  and  approach  zero  slope  at  T  =  0  K,   in  accor- 
dance with  the  third  law  of  thermodynamics.     The  Poisson  ratio   (which  can  be 
considered  to  be  a  function  of  the  ratio  of  any  combination  of  Cj,  B,  E,  or 
G)   shows  the  same  behavior,  except  that  it  decreases  with  decreasing  temper- 
ature, which  is  usual  for  Poisson's  ratio. 
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The  temperature  dependences  of  Young's  modulus  and  the  shear  modulus 
are  very  similar.     This  can  be  understood  simply  as  follows.  Differentiation 
of  Eq. (8)  with  the  approximation  that  v  -  1/3  gives: 

E    '    dT   ~   9    ■    G  •  dT       9    '    B    '  dT 

Thus,   for  usual  values  of  the  Poisson  ratio,   changes  in  Young's  modulus 
depend  almost  entirely  in  changes  in  the  shear  modulus  and  only  slightly  on 
changes  in  the  bulk  modulus. 

At  higher  temperatures,   as  the  Curie  temperature  of  the  alloy   (T^  ~  730  K) 
is  approached,   the  temperature  behavior  of  the  elastic  constants  may  become 
irregular. 

B.     Other  Topics 

In  a  final  manuscript,   several  additional  topics  will  be  discussed. 
These  include:      (i)   a  comparison  of  the  present  temperature  coefficients  with 
those  reported  previously  by  other  researchers;    (ii)   a  review  of  the  low- 
temperature  elastic-constant  data  for  f ace-centered-cubic  iron-nickel  alloys; 
(iii)   a  brief  discussion  of  the  elastic  Debye  temperature  of  fee  iron-nickel 
alloys;    (iv)    the  relationship  between  single-crystal  and  polycrystal  elastic 
constants  for  the  case  of  magnetic  materials;   and   (v)    the  effect  of  magnetism 
and  magnetic  fields  on  the  elastic  constants  per  se. 


CONCLUSION 


Contrary  to  some  previous  reports,   all  of  the  polycrystalline  elastic 
constants  of  iron-47.5  nickel  exhibit  regular  behavior  with  respect  to  tem- 
perature^ in  the  region  T  =  0  -  300  K. 
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Table  I.     Room-temperature  Acoustic-wave 

Velocities  in  Fe-47.5  Ni,   10^  cm/s 


Propagation 
Direction 

X 

y 

z 


"1 

0.5673 
0.5648 

0.5589 


""t 
^1 

0.2882 

0.2881 

0.2848 


"-2 
0.2879 
0.2865 
0.2841 


Table  II.     Parameters  Determined  from 
the  Varshni  Equation 


C°,   10"  N/m^ 


S,  10"  N/m 
t ,  K 


Longitudinal 
2.654 
0.1036 
221.  9 


Transverse 
0.7047 
0.05959 

264  .  4 


LIST  OF  FIGURES 


Fig.   1.     Longitudinal  modulus  C]_  =  pv^  for  iron-47.5  nickel  as  a  function 
of  temperature. 

2 

Fig.   2.     Shear  modulus  G  =        =  pv^  for  iron  47.5  nickel. 
Fig.    3.     Young's  modulus  for  iron-47.5  nickel. 
Fig.   4.     Bulk  modulus  for  iron-47.5  nickel. 
Fig.   5.     Poisson's  ratio  for  iron-47.5  nickel. 
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Fig.  3.    Young's  TOdulus  for  iron-47.5  nickel. 
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Fig.  4.    Bulk  modulus  for  iron-47.5  nickel. 


0.328 


50      100      150      200     250  300 
TEMPERATURE  (K) 


Fig.  5.    Poisson's  ratio  for  iron-47.5  nickel. 
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Short  Communication 

Low-temperature  Elastic  Properties  of  a  Nickel— Chromium— Iron— Molybdenum  Alloy* 
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Cryogenics  Division,  Institute  for  Basic  Standards,  National  Bureau  of  Standards,  Boulder,  Colorado  80302  (U.S.A.) 
(Received  in  revised  form  May  12,  1975) 


The  low-temperature  elastic  properties  of  two 
nickel  -  chromium  -  iron  alloys,  Inconel  600** 
and  Inconel  X-750,  were  reported  recently  [1]. 
The  same  properties  —  the  longitudinal  modulus, 
Young's  modulus,  the  shear  modulus,  the  bulk 
modulus  (reciprocal  compressibility)  and 
Poisson's  ratio  —  are  reported  here  for  a  nickel  - 
chromium  -  iron  -  molybdenum  alloy,  Inconel 
718.  Except  for  being  slightly  softer  elastically, 
it  resembles  Inconel  X-750. 

The  low-temperature  elastic  properties  of 
Inconel  718  are  of  interest  mainly  because  it  is 
a  candidate  material  for  cryogenic  structural 
apphcations  [2].  The  elastic  properties  are 
important  both  for  the  design  of  structural 
components  and  for  understanding  the  basic 
physical  properties  of  a  material.  From  the 
temperature-dependent  elastic  constants,  de- 
flections can  be  predicted  for  any  combination 


*  Contribution  of  NBS,  not  subject  to  copyright. 
NRC-NBS  Postdoctoral  Research  Associate, 
1973  -  74. 

**  Tradenames  are  used  to  identify  the  materials 

tested;  they  are  not  NBS  endorsements  of  particu- 
lar products. 


of  stress  and  temperature.  Also,  the  Debye 
characteristic  temperature  can  be  calculated 
from  the  elastic  constants.  The  Debye  tempera- 
ture relates  in  turn  to  a  wide  vsiriety  of  solid- 
state  phenomena  [3]. 

Inconel  718  is  made  precipitation  harden- 
able  by  its  niobium-plus-tantalum  content. 
(Inconel  X-750  is  made  precipitation  harden- 
able  by  its  aluminum-plus-titanium  content.) 
It  differs  from  the  nickel  -  chromium  -  iron 
alloys  in  having  superior  mechanical  properties 
such  as  yield,  creep,  rupture  and  fatigue 
strengths  [2].  Its  sluggish  response  to  precipi- 
tation hardening  permits  annealing  and  welding 
without  significant  property  changes. 


EXPERIMENTAL  METHODS 

Ultrasonic  (10  MHz)  longitudinal  and  trans- 
verse sound-wave  velocities  were  measured 
between  room  temperature  and  liquid-helium 
temperature  (4  K)  using  a  pulse-echo -super- 
position method  [4].  Experimental  procedures 
were  identical  with  those  reported  previously 
[1]  except  that  the  material  was  obtained  from 


TABLE  1 

Composition  and  properties  of  the  alloy 


Chemical  composition,  mill  analysis  Hardness  Mass  density  at 

,wt.%)  (DPH  No.,  1  kg  load)         294  K(g/cm3) 


Ni 

Cr 

Fe 

Nb  +  Ta 

Mo 

Ti 

425 

8.229 

53.73  ^ 

18.49 

17.62 

5.17 

2.98 

1.01 

Al 

C 

Mn 

Si 

S 

Cu 

Condition : 

As-received;  hot-rolled 

0.58 

0.05 

0.08 

0.17 

0.007 

0.04 
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a  commercial  source  in  the  form  of  3/4-inch 
(1.9  -cm)  rods.  Chemical  and  physical  data  on 
the  material  are  given  in  Table  1. 


RESULTS 

The  longitudinal  modulus 

Ci=pvf  (1) 

is  shown  versus  temperature  in  Fig.  1,  where  p 
is  the  mass  density  and  l'i  is  the  longitudinal 
sound-wave  velocity.  The  transverse  modulus 

C,=pv^  =  G  (2) 

is  shown  versus  temperature  in  Fig.  2,  where 
t't  is  the  transverse  sound-wave  velocity  and  G 
is  the  shear  modulus.  Young's  modulus  E,  the 
bulk  modulus  B  and  Poisson's  ratio  p  were 
calculated  from  the  formulas  [5] : 

i:  =  3Ct(Ci-tCJ/(Ci-Ct),  (3) 

B  =  C,-iC„  (4) 

u  =(l/2)(Ci-2Ct)/(Ci-Ct);  (5) 

and  these  elastic  constants  are  shown  versus 
temperature  in  Figs.  3  -  5.  For  comparison, 
Figs.  1  -  5  also  show  as  dashed  lines  the  elastic 
constants  of  Inconel  X-750,  which  were  re- 
ported previously  [1]. 

The  temperature  dependences  of  both  Q 
and  Ct  were  fitted  to  a  theoretical  relationship 
suggested  by  Varshni  [6]: 

C  =  C°  -s/{e"'^-l)  ■  (6) 

where  C°,  s,  and  t  are  adjustable  parameters 


Fig.  2.  Transverse  (=  shear)  modulus  vs.  temperature 
for  two  Inconel  alloys. 
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Fig.  5.  Poisson's  ratio  vs.  temperature  for  two  Inconel 
alloys. 


and  T  is  temperature.  The  average  difference 
between  curve  values  and  measured  values 
was  0.06  and  0.05%  for  the  transverse  and  the 
longitudinal  modes,  respectively. 

The  elastic  Debye  temperature  was  calcu- 
lated from  C)  and  Ct  using  standard  formulas 
[1]  and  was  found  to  be  0  =  446  K  at  absolute 
zero.  For  comparison,  6  (nickel)  =  476  K  and 
6  (Inconel  X-750)  =  474  K. 


DISCUSSION 

Basically,  the  low-temperature  elastic  prop- 
erties of  Inconel  718  are  very  similar  to  those 
of  Inconel  X-750.  The  higher-iron,  lower-nickel 
content  of  Inconel  718  accounts  for  its  slightly 
lower  elastic  Debye  temperature.  Inconel  718 
is  also  similar  to  Inconel  X-750  in  the  tempera- 
ture dependences  of  its  elastic  constants  for 
the  cases  of  E,  G,  and  Q,  which  show  regular 
behavior.  By  regular  behavior  is  meant:  con- 
tinuously decreasing  with  increasing  tempera- 
ture, linear  behavior  at  higher  temperatures, 
relative  flatness  at  low  temperatures,  and  zero 
slope  at  T  =  0  K.  Both  materials  show  slight 
anomalies  in  the  temperature  dependence  of 
the  bulk  modulus.  While  Inconel  X-750  shows 
a  concavity  upwards  in  the  B{T)  curve,  Inconel 
718,  as  shown  in  Fig.  4,  shows  a  maximum 
near  100  K  in  its  B(T)  curve.  Based  on  the 
previous  experience  of  this  laboratory,  it  is 
believed  in  this  case  that  the  imprecisions  in 
both  Ci  and  Ct  are  a  few  parts  in  10^.  Thus, 
this  anomaly  (though  small)  is  beUeved  to  be 
real  and  not  a  measurement-computational 
artifact. 


The  interpretation  of  the  maximum  in  the 
B{T)  curve  of  Inconel  718  can  only  be  specu- 
lative. Unlike  Inconel  X-750,  it  was  verified 
during  the  present  study  that  Inconel  718 
is  non-magnetic  between  room  temperature 
and  liquid-nitrogen  temperature  (77  K).  In 
some  respects,  the  low-temperature  behavior 
of  the  bulk  modulus  of  Inconel  718  resembles 
that  of  stainless  steels  AISI  304,  310  and  316 
reported  previously  [7].  In  those  cases,  the 
anomalous  behavior  was  interpreted  in  terms  of 
the  Doring  effect  that  results  from  a  large 
volume  magnetostriction  accompanying  a 
paramagnetic-to-antiferromagnetic  transition. 
However,  no  evidence  of  a  low-temperature 
magnetic  transition  in  Inconel  718  seems  to 
exist;  and  neither  the  longitudinal  modulus  nor 
Young's  modulus  shows  any  evidence  of  a 
dilatational  anomaly.  Thus,  the  nature  of  this 
anomaly,  its  magnitude  and  perhaps  even  the 
question  of  its  existence  deserve  further  study. 

Comparisons  with  some  previous  results  [8] 
show  reasonable  agreement  for  both  the  room- 
temperature  elastic  constants  and  the  tempera- 
ture derivatives  of  E  and  G .  It  is  easy  to  verify 
that  the  temperature  derivative  of  v  reported 
here  is  more  reasonable  than  that  obtained 
from  data  in  ref.  8.  Differentiation  of  the 
standard  relationship 


gives 

1  dp  ^     E     (IdE  ldG\ 
u  dT    E-2G\EdT     GdT/ " 

The  present  data  satisfy  eqn.  (8)  exactly,  while 
the  data  from  ref.  8  give  a  L.H.S./R.H.S.  ratio 
of  2.6.  Temperature  derivatives  of  B  have  ap- 
parently not  been  reported  previously.  The 
only  previously  reported  elastic  constant  at 
4  K  is  Young's  modulus  [2] ;  this  value,  2.11 
X  10-^^N/m^,  is  identical  with  the  present  value. 

This  work  was  supported  in  part  by  the 
Advanced  Research  Projects  Agency  of  the 
U.S.  Department  of  Defense.  Dr.  E.R.  Naimon 
of  Dow  Chemical  (Rocky  Flats  Division) 
commented  on  the  manuscript. 
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Low-temperature  elastic  properties  of  four 
wrought  and  annealed  aluminium  alloys 

E.  R.  NAIMON*,  H.  M.  LEDBETTER,  W.  F.  WESTON 

Cryogenics  Division,  Institute  for  Basic  Standards,  National  Bureau  of  Standards,  Boulder, 
Colorado,  USA 


The  elastic  properties  of  four  annealed  polycrystalline  commercial  aluminium  alloys  were 
studied  between  4  and  300  K  using  a  pulse-superposition  method.  Results  are  given  for 
longitudinal  sound  velocity,  transverse  sound  velocity,  Young's  modulus,  shear  modulus, 
bulk  modulus  (reciprocal  compressibility),  Poisson's  ratio,  and  elastic  Debye  temperature. 
The  elastic  stiffnesses  of  the  alloys  increase  4  to  13%  on  cooling  from  room  temperature  to 
liquid  helium  temperature.  The  elastic  constant-temperature  curves  exhibit  regular 
behaviour. 


1.  Introduction 

Aluminium  alloys  are  used  extensively  at  cryo- 
genic temperatures  because  of  their  favourable 
mechanical  properties.  These  properties  include 
increased  strength  without  loss  of  ductility  at 
lower  temperatures,  absence  of  a  ductile-brittle 
fracture  transition,  and,  for  some  alloys,  high 
strength-to-weight  ratios. 

Knowledge  of  a  material's  elastic  constants  is 
essential  for  understanding  its  mechanical 
behaviour.  Most  mechanical  behaviour  is  best 
described  by  a  dislocation  model,  and  the  elastic 
constants  (usually  the  shear  modulus  and 
Poisson's  ratio)  occur  in  most  equations  des- 
cribing the  stress-strain  state  of  a  dislocated 
solid. 

In  this  paper,  the  elastic  properties  of  four 
wrought  aluminium  alloys  (commonly  desig- 
nated 1100,  5083,  7005,  and  7075)  are  reported 
over  the  temperature  range  300  to  4  K.  These 
properties  include  the  longitudinal  modulus. 
Young's  modulus,  the  shear  modulus,  the  bulk 
modulus  (reciprocal  compressibility),  and 
Poisson's  ratio.  While  the  changes  of  the  elastic 
constants  in  this  temperature  range  are  only 
moderate  (4  to  13%),  exact  values  of  the  elastic 
constants  are  very  useful  design  parameters, 
permitting  accurate  calculations  of  deflections 
for  any  combination  of  stress  and  temperature. 
Low-temperature  elastic  constants  are  also  quite 
valuable  theoretically;  they  permit  the  calcula- 


tion of  the  Debye  characteristic  temperature, 
which  is  related  in  turn  to  a  wide  variety  of  solid- 
state  phenomena  that  depends  on  the  vibrational 
properties  of  solids. 

An  ultrasonic  (10  MHz)  pulse-superposition 
method  was  used  for  determining  the  velocity,  v, 
of  a  sound  pulse  propagated  through  the  speci- 
men. The  elastic  modulus,  C,  is  then  given  by 
C  =  pv^,  where  p  is  the  mass  density.  Different 
elastic  constants  were  determined  from  different 
modes  of  ultrasonic  excitation.  This  method  has 
many  advantages :  small  specimens  are  sufficient, 
thus  ancillary  equipment  such  as  probes  and 
dewars  can  also  be  small,  and  refrigeration  costs 
are  low;  specimens  can  have  a  simple  geometry 
and  can  be  easily  prepared;  measurements  can 
be  made  as  nearly  continuously  as  desired; 
relative  precision  is  high,  about  one  part  in  10* 
for  the  velocities;  laboratory-to-laboratory  varia- 
tions of  the  elastic  constants  are  typically  a  few 
percent  or  less;  and  tests  are  completely  non- 
destructive. 

Low-temperature  elastic  data  for  aluminium 
alloys  have  two-fold  interest.  First,  the  elastic 
constants  provide  basic  information  about 
interatomic  forces.  Second,  the  same  numbers 
are  essential  design  parameters  for  stress-bearing 
members.  Data  given  here  permit  the  load- 
deflection  behaviour  of  the  alloys  to  be  accurately 
predicted  between  room  temperature  and  liquid 
helium   temperature.    Accurate   elastic  data 
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become  especially  important  in  applications 
involving  high  stresses,  large  structural  parts,  or 
precision  parts. 

2.  Materials 

Aluminium  alloy  1100  is  commercial  quality 
aluminium.  It  has  good  corrosion  resistance,  high 
electrical  and  thermal  conductivities,  high  duc- 
tility, but  low  strength  properties.  Strength  can 
be  improved  somewhat  by  strain-hardening 
without  significantly  decreasing  other  properties. 
The  main  impurities  in  this  alloy  are  usually  iron 
and  silicon. 

Aluminium  alloy  5083  is  characterized  by  good 
welding  properties  and  by  good  corrosion 
resistance  in  marine  environment.  Magnesium  is 
the  major  alloying  element  and.  along  with 
manganese,  produces  a  moderately  strong,  yet 
ductile  alloy,  which  does  not  respond  to  heat- 
treatment.  The  strength  properties  of  5083 
improve  with  lower  temperatures.  The  main 
advantage  of  5083  seems  to  be  its  weldability: 
welds  as  strong  as  the  base  metal  can  be  obtained. 
Currently  this  alloy  is  being  used  in  a  number  of 
applications  involving  the  manufacture,  transfer, 
and  storage  of  liquefied  natural  gas;  these 
applications  require  many  millions  of  kilograms 
of  material. 

Aluminium  alloy  7005  is  a  heat-treatable  alloy 
containing  zinc  and  magnesium,  which  are 
balanced  to  obtain  a  natural-ageing  alloy. 
Chromium  is  added  to  reduce  corrosion  of  the 
heat-afTected  weld  zones,  and  zirconium  is 
added  to  reduce  weld  cracking  and  to  improve 
mechanical  properties. 

Aluminium  alloy  7075  contains  zinc  as  the 
major  alloying  element,  together  with  a  small 


percentage  of  magnesium.  This  alloy  can  be 
precipitation-hardened  to  produce  high  strength. 
(However,  the  studies  reported  here  were  made 
on  annealed  alloys.) 

Details  of  compositions,  heat-treatments, 
mass  densities,  and  hardnesses  of  the  alloys  are 
given  in  Tables  1  and  II. 

3.  Experimental 

Alloys  were  obtained  from  commercial  sources; 
1 100  and  7075  in  the  form  of  1.9  cm  rods,  5083 
and  7005  in  the  form  of  1.9  cm  thick  plate. 
Cylindrical  specimens  1.6  cm  diameter  and  1.6 
cm  long  were  prepared  by  grinding.  Opposite 
faces  were  flat  and  parallel  within  2.5  |am. 
Specimens  were  annealed  at  a  pressure  of 
5  X  10  "  Torr,  or  less,  and  cooled  in  the 
furnace.  Hardnesses  were  determined  by  stan- 
dard metallurgical  methods,  and  mass  densities 
were  determined  by  Archimedes's  method  using 
distilled  water  as  a  standard. 

Quartz  transducers  (10  MHz)  were  bonded  to 
the  specimens  with  phenyl  salicylate  for  room- 
temperature  measurements  and  with  a  stopcock 
grease  for  lower  temperatures.  In  a  few  cases, 
failure  of  these  bonds  at  very  low  temperatures 
required  using  a  silicone  fluid  (viscosity  =  2  x 
I0-'  P  at  25  C)  for  bonding.  The  low-temperature 
apparatus  was  described  previously  [I]. 

A  pulse-superposition  method  was  used  to 
determine  the  sound-wave  velocities  over  the 
temperature  range  300  to  4  K.  Details  concerning 
this  method  were  given  elsewhere  [2]. 

4.  Results 

Quantities  that  were  measured  directly  are  the 
longitudinal   and    the   transverse  sound-wave 


TABLE  1  Compositions  of  the  alloys,  mil 

1  analyses,  wl  "„ 

Alkn  Al 

C  r 

Cu  Fe 

Mg 

Mn  Ni 

Si 

Ti 

V           Zn  Zr 

1100  Bal 

0.2  0.6 

0.1 

508.1  Bal 

0.13 

0.04  o.jy 

4.75 

0.63  0.003 

0.08 

0.01 

0.007  0.04 

7005  Bal 

0.25 

<0.l  <0.4 

1.2 

<0.2 

<0.3 

<0.l 

4.6  0.3 

7075  Bal 

0.3 

1.6  0.7 

2.5 

0.3 

0.5 

0.2 

5.6 

TABLE  II 

Properties  of  the  alloys 

Alloy 

Hardness  (DPH 

no.. 

Mass  density  at 

Condition 

1  kg  load) 

294  K  (g  cm  ■') 

1 100 

28 

2.818 

Annealed  345 

C;  furnace  cooled 

5083 

78 

2.666 

Annealed  413 

C,  2  h;  furnace  cooled 

7005 

77 

2.779 

Annealed  400  C,  3  h;  furnace  cooled 

7075 

67 

2.721 

Annealed  413 

C,  3  h;  furnace  cooled 
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Figure  I  Temperature  variation  of  the 
longitudinal  modulus. 


150  200 
TCMPERATURE  (K) 


velocities  v\  and  ut-  From  these,  the  longitudinal 
modulus,  Ci,  and  the  transverse  modulus,  G, 
were  calculated  according  to 


and 


Ci  =  pvf 


Ct  =  pvt^ 


(1) 


(2) 


These  moduli  are  shown  in  Figs.  1  and  2  for  the 
temperature  range  studied.  No  corrections  were 
made  for  the  change  of  mass  density  with 


temperature;  for  aluminium  this  introduces  a 
maximum  error,  over  300  K,  of  0.4" Errors  in 
the  absolute  velocities  are  believed  to  be  about 
1%  or  less.  All  the  other  elastic  constants  that  are 
used  to  describe  polycrystalline  aggregates  are 
simply  related  to  these  two  moduli.  The  moduli 
considered  here  -  the  shear  modulus  G,  Young's 
modulus  E,  the  bulk  modulus  fl,  and  Poisson's 
ratio  V  -  are  given  by  : 


6  =  C, , 


(3) 


0.324 


0.252  - 


Figure  2  Temperature  varialion  of  the 
transverse  or  shear  modulus. 
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E  =  3G(Ci  -  f  Ct)/(Ci  -  Ct) ,  (4) 

5  =  Ci  -  f  Ct  ,  (5) 

and 

V  =  i(Ci  -  2Ct)/(Ci  -  Ct) .  (6) 

The  elastic  constants  obtained  from  these 
relationships  are  shown  as  functions  of  tempera- 
ture in  Figs.  3  to  5.  Values  of  the  elastic  constants 
at  selected  temperatures  are  given  in  Table  III. 

The  temperature  variations  of  the  elastic 
constants  can  be  described  mathematically  in 
various  ways.  In  this  case,  the  temperature 


dependences  of  both  Ci  and  Ct  were  fitted  to  a 
theoretical  relationship  suggested  by  Varshni  [3] : 

C=C°-  '  (7) 

where  C  is  any  elastic  constant  (Ci  and  Ct  in  this 
case),  C,  s,  and  t  are  adjustable  parameters  and 
T  is  temperature.  The  value  of  C  at  T  =  0  K  is 
C°,  and  —  sjtis  the  high-temperature  limit  of  the 
temperature  derivative  dC/dr.  By  invoking  an 
Einstein  oscillator  model  of  solids,  it  can  be 
shown  (in  the  absence  of  electronic  effects)  that 
t  is  the  Einstein  characteristic  temperature. 


Figure  3  Temperature  variation  of  Young's 
modulus. 
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Parameters  C\  s,  and  t  (determined  by  a  least- 
squares  fit  of  Equation  7  to  the  data)  are  given 
in   Table    IV.    Average   differences  between 


where 


TABLE 

1 V  Parameters 

n  Equation  7 

Alloy    Mode    C"  (10"  N 

m-)  i(10"Nm-^) 

t  (K) 

1 100  1 

1.136 

0.0903 

255.9 

t 

0.2892 

0.0301 

206.9 

5083  ! 

1.151 

0.0926 

235.3 

t 

0.3067 

0.0381 

206.7 

7005  1 

1.175 

0.0928 

240.0 

t 

0.2963 

0.0327 

203.4 

7075  1 

1.126 

0.0707 

219.6 

t 

0.2961 

0.0344 

223.3 

measured  and  curve  values  are  0.03%  and  0.06% 

for  the 

longitudinal 

and  transverse  moduli, 

respectively.  Room-temperature  values  of  the 

temperature  coefficients  of  the  elastic  moduli  are 

given  in 

Table  V;  these  values  occur  in  the 

linear 

high-temperature  region. 

TABLE 

V  Temperature 

coefficients    of  the 

elastic 

constants  at 

room  temperature  (10" 

"  K 

1  dfl 

1  d£          1  dC 

1  d  r 

Alloy 

B  dT 

E  dT         G  dT 

dr 

1 100 

-2.01 

-5.01  -5.37 

1.41 

5083 

-  1.92 

-6.06  -6.58 

2.08 

7005 

-2.13 

-5.48  -5.88 

1.54 

7075 

-  1.58 

-5.08  -5.52 

1.75 

Aluminium*      —  1 .97 

-5.53  -5.77 

1.80 

*Derived  from  single-crystal  data  in  [4]. 

The  elastic  Debye  temperature,  9,  can  be 
calculated  from  the  elastic  wave  velocities  by  [5]  : 


(8) 


K 


k  \4^/ 


(9) 


Here  h  is  Planck's  constant,  k  is  Boltzmann's 
constant,  is  Avogadro's  constant,  p  is  the  mass 
density,  and  A  is  the  effective  atomic  weight.  The 
average  velocity  is  given  by 


+  2vt- 


-1/3 


(10) 


The  elastic  Debye  temperatures  for  the  four 
alloys  at  r  =  0  K,  and  also  for  unalloyed 
aluminium  are  given  in  Table  VI. 

TABLE  VI  Elastic  Debye  temperatures  at  T  =  0  K 


Alloy 


9(K) 


1100 

426.2 

5083 

440.4 

7005 

425.9 

7075 

422.2 

Aluminium 

430.6* 

*Calculated  from  single-crystal  data  in  [4]. 

5.  Discussion 

As  shown  by  the  data  in  Table  III,  changes  in  the 
elastic  constants  of  aluminium  and  its  alloys 
between  300  and  4  K  are  about  4%  for  B  and 
V,  and  12%  for  E  and  C.  These  changes  are 
somewhat  larger  than  those  observed  in  alloys 
based  on  copper  or  iron,  for  example.  Most  of 
the  changes  occur  above  about  100  K.  Below 
this  temperature  the  elastic  constants  change 
only  slightly  with  temperature.  Thus,  any 
changes  in  the  mechanical  behaviour  of  these 
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alloys  in  this  temperature  region  probably  cannot 
be  ascribed  to  an  elastic  origin. 

The  temperature  behaviour  of  the  elastic 
constants  of  the  aluminium  alloys  reported  on 
here  is  quite  regular.  The  moduli  decrease 
regularly  with  increasing  temperature  and  the 
modulus-temperature  curves  are  relatively  flat  at 
low  temperatures.  Also,  in  accord  with  the  third 
law  of  thermodynamics,  the  slopes  dC/dT 
approach  zero  at  zero  temperature.  A  linear 
temperature  dependence  is  exhibited  above  about 
150  K,  which  is  roughly  one-third  of  the  Debye 
temperature.  Besides  indicating  the  absence  of 
magnetic  or  structural  transitions,  this  ideal 
temperature  behaviour  suggests  that  the  an- 
harrnonic  properties  of  these  alloys  can  probably 
be  explained  by  a  relatively  simple  model. 

These  alloys  were  not  examined  for  texture. 
However,  texture  would  have  little  effect  on  their 
elastic  properties.  Aluminium  single  crystals  are 
only  slightly  anisotropic;  the  Zener  anisotropy 
ratio  for  aluminium  is  1.2;  it  is  1.0  for  the 
isotropic  case.  Aluminium's  isotropy  is  purely 
accidental  since  aluminium,  because  of  its  three 
valence  electrons,  has  a  large  band-structure 
contribution  to  the  elastic  constants  [10].  This 
contribution  is  usually  anisotropic;  the  aniso- 
tropy is  cancelled  in  the  case  of  aluminium  by 
other  energy  terms.  Thus,  since  aluminium  single 
crystals  are  only  slightly  anisotropic,  even  a 
strongly  textured  polycrystalline  aggregate  of 
aluminium  would  have  nearly  isotropic  elastic 
behaviour. 

It  should  be  emphasized  that  the  data  reported 
here  are  dynamic  (adiabatic)  rather  than  static 
(isothermal);  they  apply  strictly  to  rapid  rather 
than  slow  loading.  However,  the  differences 
between  adiabatic  and  isothermal  elastic  con- 
stants are  small.  They  become  smaller  at  lower 
temperatures  because  of  the  diminishing  thermal- 
expansion  coefficient,  and  they  vanish  at  zero 
temperature.  Using  formulae  given  by  Landau 
and  Lifshitz  [6]  it  can  be  shown foraluminium at 
room  temperature: 


0.005 


Bt 


=  0.045  (11) 


=  0.020  ,  and  — 


0, 


where  subscripts  S  and  T  denote  the  adiabatic 
and  the  isothermal  cases,  respectively.  For  E, 
B,  V  and  G,  these  corrections  are  typically  in  the 
ratio  1  :9:4:0  if  v  has  a  value  near  \. 


Effects  of  alloying  on  the  elastic  properties  of 
aluminium  cannot  be  accurately  determined 
from  the  present  study  because  of  the  large 
number  of  alloying  elements  and  their  inter- 
actions. Such  effects  have  been  considered 
elsewhere  [11].  However,  some  general  observa- 
tions can  be  made  concerning  alloying.  Dis- 
regarding alloy  1100,  with  respect  to  '.'pure" 
aluminium,  the  shear  modulus  and  Young's 
modulus  increased  in  all  cases  while  the  bulk 
modulus  decreased,  and  by  a  larger  percentage. 
Poisson's  ratio  decreased  in  all  four  alloys.  The 
1 100  alloy,  which  contains  only  1°,,  of  impurities, 
presents  an  interesting  case.  The  data  indicate 
th^t  while  the  shear  modulus  of  this  alloy  is 
identical  to  that  of  unalloyed  aluminium,  the  bulk 
modulus  is  higher  by  about  5%.  Since  the  bulk 
modulus  is  not  measured  directly,  but  is  cal- 
culated from  the  difference  of  two  velocities 
according  to  Equation  5,  a  compounding  of 
errors  may  account  for  this  discrepancy.  If  the 
effect  is  real,  then  it  has  important  consequences 
for  the  problem  of  averaging  single-crystal  elastic 
coefficients  to  obtain  the  bulk  modulus  of  a 
polycrystalline  aggregate. 

Finally,  approximate  relationships  among  the 
elastic  constants  are  indicated.  For  all  the  alloys 
and  for  all  temperatures,  as  a  first  approximation. 


and 


B  ^  E  ^  (8/3)G 


(12) 


(13) 


These  should  be  useful  for  many  engineering 
purposes  where  only  rough  numbers  are  needed 
and  only  one  of  the  elastic  constants  is  known. 

6.  Conclusions 

From  the  results  of  this  study  the  following 
conclusions  are  drawn: 

(1)  all  the  elastic  properties  of  aluminium 
alloys  1 100,  5083, 7005,  and  7075  behave  regularly 
with  respect  to  temperature; 

(2)  for  all  alloys  studied,  the  temperature 
behaviour  of  both  Ci  and  C'l  can  be  described 
accurately  by  a  theoretical  relationship  suggested 
by  Varshni; 

(3)  in  this  series  of  alloys,  in  the  annealed 
condition,  alloy  5083  has  the  highest  Young's 
modulus,  the  highest  shear  (rigidity)  modulus, 
and  the  lowest  Poisson's  ratio.  Alloy  7005  has 
the  highest  bulk  modulus. 
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Low-temperature  elastic  constants  of  a  superconducting  coil 
composite 
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(Received  27  Feoruary  1975;  in  final  form  17  June  1975) 

A  resonant  piezoelectric  oscillator  method  for  measuring  elastic  moduli  was  applied  to  composite  materials. 
The  complete  set  of  elastic  compliances  of  a  superconducting  coil  composite  was  determined 
semicontinuously  between  4  and  300  K.  Also,  two  moduli  of  a  layered  fiber-glass-epoxy  composite  were 
determined;  this  composite  is  essentially  the  matrix  material  of  the  coil  composite.  The  Young's  moduli, 
shear  moduli,  Poisson  ratios,  and  elastic  stiffness  coefficients  are  also  reported.  Results  agree  closely  with 
elastic  data  obtained  by  conventional  testing  methods. 

PACS  numbers:  62.20.D,  74.50. 


I.  INTRODUCTION 

The  elastic  properties  of  composite  materials  are 
currently  of  considerable  interest.  Many  composites, 
because  they  have  high  mechanical  strength  and  a  high 
modulus-to-density  ratio,  are  useful  as  strong  light- 
weight structural  materials.  Some  composites  have 
been  designed  for  use  at  low  temperatures,  for  exam- 
ple, as  superconducting  coils  for  high-field  magnets. 
However,  few  elastic  data  are  available  for  composite 
materials,  particularly  at  low  temperatures.  To  the 
author's  knowledge,  no  complete  sets  of  elastic  data 
are  available  for  composite  materials  at  4  K.  Some  data 
are  useful  as  design  parameters,  and  elastic  constants 
are  among  the  most  accurately  known  fundamental 
physical  properties  of  solids. 

Because  composite  materials  are  usually  highly 
anisotropic,  the  determination  of  their  elastic  constants 
is  much  more  difficult  than  for  the  more  usual  quasi- 
isotropic  engineering  materials.  Conventional  methods 
of  measuring  the  elastic  properties  of  solids  have  been 
applied  to  composites  with  only  limited  success.  These 
methods  usually  require  relatively  large  specimens  and 
considerable  time  and  effort,  especially  if  a  complete 
set  of  elastic  constants  is  required.'  These  methods,  as 
applied  to  composites,  include  vibrating^'^  or  resonant- 
beam tests,  tensile  or  compressive  tests, '•''•^  torsion 
tests, ^'^  bending  tests, '•'°  and  pressure  tests. ^'"'^  Gen- 
erally, the  elastic  constants  measured  by  these  methods 
are  less  accurate  than  those  acquires  by  ultrasonic 
tests. 

Ultrasonic  pulse  techniques  are  limited  by  the  neces- 
sity of  using  wavelengths  that  are  large  compared  with 
fiber  diameters  and  at  the  same  time  sufficiently  small 
compared  with  the  dimensions  of  the  specimen  so  that 
true  plane-wave  conditions  can  exist.  Since  ultrasonic 
pulse  methods  are  typically  performed  at  megahertz 
frequencies,  this  condition  cannot  be  met  for  many 
composites.  If  the  wavelength  is  not  larger  than  the 
fiber  diameter,  the  wave  is  attenuated  and  scattered. 
Ultrasonic  pulse-echo  methods  have  been  applied  to 
some  metal-matrix  composites  with  extremely  small 
fibers.""'"  Even  in  these  cases  the  pulse-echo  trains 
are  poor  because  of  high  attenuation  and  dispersion.'' 
In  fact,  Achenbach  and  Herrman"  predicted  large  dis- 
persive effects  for  shear  waves  propagated  in  the  fiber 
direction,  even  when  the  wavelength  is  much  larger 
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than  fiber  diameters.  Zimmer  and  Cost"  verified  this 
prediction  by  measuring  sound  velocities  in  a  unidirec- 
tional glass -reinforced  epoxy -fiber  composite.  For  1 
wavelength-to-fiber  diameter  ratios  of  roughly  50,  dis- 
persion increased  some  phase  velocities  by  a  factor  of  !' 
2.  Elastic  constants  of  some  carbon-fiber-reinforced 
plastics  have  also  been  measured  by  ultrasonic  pulse- 
echo  techniques. '^~^' 

Attempts  to  use  10-MHz  pulse-echo  techniques  on  the 
composite  studied  herein  were  unsuccessful.  Both  longi-  < 
tundal  and  shear  waves  were  propagated  along  all  orien- 
tations and  produced  no  detectable  echoes.  This  is  un- 
derstandable since  the  filament  sizes  for  this  composite,  i, 
as  described  in  the  text,  are  larger  than  the  sound  wave-  ; 
length.  Larger  specimens  than  are  currently  available  . 
would  be  needed  for  1— 5-MHz  pulses,  although  it  is 
doubtful  that  even  these  frequencies  would  produce  use- 
able echo  patterns  for  this  material. 

The  ultrasonic  immersion  technique,  as  described  by 
Markham,"  is  fast  and  accurate  and  offers  the  possi- 
bility of  measuring  all  the  elastic  properties  on  one 
specimen.  However,  this  technique  is  also  limited  by 
fiber  size  and  by  sample  dimensions.^^-^*  The  choice  of 
ultrasonic  modes  that  can  be  propagated  in  a  given  direc- 
tion in  a  specimen  is  also  limited,  and  the  technique  is 
inapplicable  to  low-temperature  measurements. 

Zecca  and  Hay^'  avoided  the  problems  encountered 
with  megahertz  frequencies  by  using  electrostatic  ^ 
transducers  to  generate  and  to  detect  resonant  kilohertz 
frequencies  of  a  metal-matrix  composite.  Electrostatic 
transducers,  however,  cannot  be  used  with  nonmetallic  ^ 

materials.  ''■ 

6 

The  most  widely  used  ultrasonic  technique,  using  i 
kilohertz  frequencies,  is  the  resonant  piezoelectric  > 
oscillator.  This  method  is  due  principally  to  Quimby 
and  associates. Quimby  thoroughly  analyzed  the  vibra-  j 
tions  of  solid  rods  driven  by  a  piezoelectric  crystal,  and  | 
Balamuth^''  first  employed  drivers  and  specimens  of 
matching  fundamental  frequencies.  Rose^*  extended  this 
method  to  torsional  oscillators.  Basically,  the  piezo- 
electric properties  of  quartz  are  used  to  generate  and  to 
detect  resonant  frequencies  of  an  oscillator  consisting 
of  one  or  two  quartz  crystals,  a  specimen,  and  perhaps 
a  dummy  rod,  all  cemented  together.  This  method  has 
been  used  to  measure  elastic  moduli  at  both  high^^-^"  and 
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FIG.  1.  Resonant  piezoelectric  oscillator  apparatus. 

low^''-^^'^°'^^  temperatures,  and  has  worked  well  with  both 
metals^^'"  and  nonmetals.^''"^^  Thus,  this  technique  is 
well  understood  both  theoretically  and  practically,  and  it 
would  seem  to  be  well  suited  for  testing  composites. 
The  long  wavelengths  used  (t\'pically  on  the  order  of 
centimeters  in  the  kilohertz  region)  are  much  larger 
than  fiber  di:imeters,  and,  since  the  technique  employs 
standing  waves  rather  than  traveling  waves,  specimen 
sizes  can  still  be  kept  small. 

In  the  p^e^e^t  paper  it  is  described  how  this  resonance 
technique  was  used  to  measure  the  complete  set  of 
elastic  compliances  of  a  superconducting  coil  composite, 
which  was  essentially  composed  of  an  epoxy  matrix  and 
unidirectional  copper-niobium-titanium  fibers.  The 
compliances  were  measured  semicontinuously  from  300 
to  4  K.  Results  are  given  also  for  an  epoxy— fiber-glass 
layered  composite.  The  results  generally  agreed  closely 
with  the  few  existing  static  measurements  on  the  same 
composite. 

II.  EXPERIMENTAL  PROCEDURE 
A.  Resonant  piezoelectric  oscillator 

The  three-component  resonant  piezoelectric  oscillator 
technique  was  originally  described  by  Marx,^*  and  was 
discussed  in  detail  by  Fine.^^  The  technique  consists  of 
bonding  quartz-driver  and  quartz-gauge  piezoelectric 
crystals  to  a  specimen  to  produce  and  to  detect  a 
standing  longitudinal  (or  torsional)  resonant  wave.  Each 
component's  length  is  adjusted  so  that  its  resonant  fre- 
quency is  closely  matched  to  that  of  the  other  compo- 
nents. The  system  is  then  driven  by  the  driver  trans- 
ducer at  its  resonant  frequency,  which  is  monitored  by 
the  gauge  crystal. 

Longitudinal  waves  are  excited  by  a -quartz  bars  of 
square  cross  section,  excited  into  longitudinal  vibra- 
tion by  an  ac  signal  applied  to  full-length  adherent  elec- 
trodes (see  Fig.  1).  The  driver  quartz  was  fully  gold 
plated  on  two  parallel  sides  {z  faces')  with  a  shallow 
notch  cut  in  the  center  of  each  electrode.  Fine  gold- 
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plated  tungsten  wires,  seated  in  these  notches,  served  i 
to  suspend  the  resonator  assembly  at  displacement  j 
nodes  and  provided  the  necessary  electrical  contact.  ; 
The  gauge  quartz  was  gold  plated  only  over  the  center 
third  of  the  two  parallel  faces  and  electrical  contact 
was  made  through  fine  wires  adhered  into  the  notches  j 
with  silver  conducting  paint.  The  electric  axes  of  the 
driver  and  the  gauge  crystals  were  perpendicular  to 
reduce  electrical  pickup.  j 

The  longitudinal  oscillator  apparatus  is  illustrated  i 

in  Fig.  1.  The  driver-quartz  crystal  was  suspended  by  ; 

0.003  in  gold-plated  tungsten  wires.  The  driver  mounts,  ■ 

which  were  aluminum,  were  removed  during  the  tor-  ! 

sional  measurements,  since  the  torsional  driver  crystal  I 

was  suspended  between  the  Bakelite  posts  by  nylon  j 

threads.  The  specimens  were  cylindrical  for  all  mea-  i 

surements.  The  chromel-constantan  thermocouple  was  j 

placed  near,  but  not  touching,  the  specimen.  The  en-  , 

tire  apparatus  was  sealed  in  a  thin-walled  stainless-  ' 
steel  can.  The  can  was  partially  evacuated,  placed  in 
the  ullage  of  a  helium  Dewar,  and  lowered  stepwise  to 

achieve  cooling.  ^ 

The  torsional  quartz  crystals  were  circular  with  J 
their  length  in  the  .r  direction  and  with  four  gold-plated  ^ 
electrodes  running  the  length  of  the  crystal.  Opposite  I 
pairs  of  electrodes  were  electrically  connected.  The  j 
driver  quartz  was  suspended  vertically  by  means  of  fine  j 
nylon  treads  attached  with  varnish  to  opposite  sides  of  | 
the  quartz  near  a  displacement  node  of  vibration.  J 

i 

The  quartz  crystals  were  bonded  together  with  a  semi- 
permanent  adhesive,  Eastman  910.^'  The  specimens 
were  right-circular  cylinders  and  were  also  bonded  to 
the  gauge  quartz  with  the  same  adhesive.  For  some  i 
torsional  experiments,  this  cement  occasionally  failed  j 
at  low  temperatures;  such  experiments  were  repeated  .! 
until  successful.  Other  materials  such  as  vacuum  | 
grease  and  epoxy  resin  have  been  used  as  low-tem-  | 
perature  bonding  agents . 

The  quartz  crystals  used  had  resonant  frequencies  of  ! 
60  and  100  kHz.  Most  of  the  measurements  were  done  ; 
with  the  60-kHz  quartz  crystals  (^-in.  square  cross  j 
for  longitudinal,  and  ^  in.  in  diameter  for  torsional),  j 
but  some  were  done  with  the  100-kHz  crystals  {|  in.  in 
diameter).  The  mass  of  each  driver-gauge  combination  ] 
was  noted  and  the  resonant  frequencies  were  monitored 
from  300  to  4  K.  The  length  of  each  specimen  was 
determined  such  that  its  resonant  frequency  for  the  en- 
tire temperature  range  was  within  approximately  5%  of 
the  oscillator  assembly  although  in  some  cases  the 
specimen  frequency  differed  by  as  much  as  10%.  The 
mass,  length,  and  diameter  of  each  specimen  were 
noted  and  its  mass  density  was  determined  by  Archi-  | 
medes's  method  using  distilled  water  as  a  standard. 
The  specimen  was  then  cemented  to  the  quartz  crystals 
and  the  resonant  frequency  of  the  oscillator  was  moni- 
tored from  300  to  4  K.  No  thermal  contraction  correc- 
tions were  made;  for  the  coil  composite  described  be-  ' 
low  this  introduces  a  maximum  error  (over  a  300  K  ] 
range)  of  about  0.5%.^^  Maximum  uncertainties  in  the 
frequency  measurements  are  estimated  to  be  about  one  ' 
part  in  10^. 
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8.  Electronics 


TABLE  I.  Dimensions  and  orientations  of  specimens. 


Most  workers  who  have  used  the  piezoelectric  oscilla- 
tor technique  have  employed  electronics  similar  to  those 
described  by  Marx.^**  This  system  requires  manual  ad- 
justment of  the  input  frequency  to  the  driver  crystal  to 
keep  the  oscillator  at  resonance.  A  less  time-consuming 
and  more  accurate  system  is  the  regenerative  system 
designed  by  Gerk"*"  and  slightly  modified  by  Johnson. 

Gerk's  system  consists  primarily  of  a  closed  loop 
containing  an  amplifier  and  the  driver-gauge  combina- 
tion of  piezoelectric  crystals,  which  act  as  a  resonant 
element,  with  a  feedback  circuit  to  control  the  gain  of 
the  amplifier.  This  system  is  based  on  the  principles 
of  an  oscillator;  that  is,  the  output  of  an  amplifier  is 
fed  into  the  input  through  a  frequency-selective  network 
(the  quartz  crystals).  The  phase  shifts  are  corrected 
with  a  variable  phase  shifter.  A  more  complete  de- 
scription of  the  system  was  given  by  Gerk."*"  This  sys- 
tem locks  onto  the  resonant  frequency  and  automatically 
stays  at  the  resonant  frequency  if  this  frequency 
changes,  due  to  a  change  of  the  specimen's  environ- 
ment, for  example. 

C.  Specimens 

The  superconducting  coil  composite  is  fully  de- 
scribed elsewhere.^®  Basically,  the  coil  is  composed 
of  a  copper-stabilized  niobium -titanium  wire  (0.56 
xO.72  mm  cross  section)  coil  impregnated  with  epoxy. 
The  wire  layers  are  separated  by  layers  of  dry  fiber- 
glass cloth  (0.1  mm  thick).  The  copper-to-supercon- 
ductor volume  ratio  of  the  wire  is  1.8-1.  The  wire-to- 
epoxy  cross-sectional  area  fraction  is  about  3  to  1.  The 
coil  dimensions  were  approximately  19  cm  i.d. ,  24 
cm  o.d.  ,  and  10  cm  long. 

Coordinate  axes  were  chosen  to  coincide  with  the 
specimen  axes.  The  longitudinal  axis  (3  axis)  coincides 
with  the  axis  of  the  wire,  which  was  assumed  to  have 
zero  helix  angle.  The  1  and  2  axes  lie  along  the  radius 
and  coil  axes,  respectively,  and  form  an  orthogonal 
set  with  the  3  axis.  The  symmetry  of  the  coil  (ortho- 
rhombic)  requires  nine  elastic  constants  to  characterize 
the  material.  By  assuming  the  material  to  be  trans- 
versely isotropic  and  by  neglecting  the  effects  of  curva- 
ture, the  number  of  independent  elastic  constants  is  re- 
duced to  five.  An  orthotropic  body  with  transverse  iso- 
tropy  has  the  same  symmetry  as  close-packed  hexa- 
gonal crystals  such  as  magnesium  and  zinc.  Justifica- 
tion for  equating  the  1  and  2  axes  is  given  elsewhere, 
and  additional  experimental  data  show  that  the  effect  of 
curvature  on  the  moduli  is  minor. 

The  masses,  lengths,  and  angles  between  the  speci- 
men axis  and  the  3  axis  are  given  in  Table  I.  The  den- 
sity of  the  coil  composite  was  found  to  be  6.000  g/cm^. 

Besides  the  superconducting  coil,  some  specimens 
composed  only  of  the  fiber-glass  cloth  and  epoxy  were 
available.  The  fiber-glass— to— epoxy  volume  ratio  in 
these  samples  was  approximately  the  same  as  in  the 
cuil  composite.  Measurements  were  made  on  two  speci- 
mens of  this  material.  Dimensions  and  orientations  of 
these  specimens  are  also  reported  in  Table  I,  with  the 
angle  9  corresponding  to  the  angle  between  the  speci- 
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Specimen      Diameter         Mass             Length  6 

No.               (in.)                (g)              .  (cm)  (deg)  || 

Superconducting  coil  composite  specimens  !| 

1  0.1250             0.  540             1,1128  90  j 

2  0.1250             0.925             1.9439  0 

3  0.1863             1.081             1.0818  0 

4  0.  1890             1.248             1.1481  90 

5  0.1875             1.  874             1.7600  60  I 

6  0.1851             1,327             1,2555  60 

Epoxy-fiber-glass  composite  specimens 

1  0,  1875             0.  885             2.5387  0 

2  0.  1878             0,  520             1,4862  0 


men  axis  and  the  direction  parallel  to  the  layers  of 
fiber-glass  cloth.  The  density  of  this  material  was 
found  to  be  1.931  g/cm^.  This  material  can  also  be 
considered  transversely  isotropic,  if  the  fiber-glass 
is  considered  transversely  isotropic.  Thus,  five  con- 
stants are  again  needed  to  completely  characterize  the 
material  elastically.  Cylindrical  specimens  of  only  one 
orientation  were  available;  thus,  only  two  elastic  con- 
stants of  the  fiber-glass- epoxy  matrix  material  were 
determined.  ' 

(II.  RESULTS 

The  directly  measured  quantity  in  these  measure- 
ments is  /o,  the  frequency  of  the  three-component  piezo- 
electric resonator.  For  longitudinal  resonance  the  fre- 
quency of  the  specimen  (f^)  can  be  found  from  f^,  the 
frequency  of  the  driver-gauge  quartz  assembly  {fj,  the 
mass  of  the  specimen  {mj,  and  the  mass  of  the  quartz 
(m,)  «: 

fl=fl  +  in-fM,/m^.  (1) 
This  formula  is  more  exact  than  the  approximation 

/.=/o  +  (/o-/>/w,,  (2) 

which  is  usually  quoted  and  used  for  resonant 
oscillators.^'* 

The  formula  for  the  torsional  oscillator  is  somewhat  ' 
more  complicated  since  the  moments  of  inertia  (rather 
than  the  masses)  of  the  components  are  involved^^: 

fs=fl  +  ifo-fl)m,7i/my,.  (3) 

Here,      is  the  radius  of  the  quartz  and     is  the  radius 
of  the  specimen. 

The  Young's  modulus  E  or  shear  modulus  G  for  the 
particular  orientation  of  the  specimen  is  given  by 

E  or  G  =  4L^flp.  (4) 

E  is  found  from  the  longitudinal-mode  fundamental  fre- 
quency and  G  is  found  from  the  torsional -mode  funda- 
mental frequency.  In  Eq.  (4),  L  is  the  specimen  length 
and  p  is  the  mass  density. 

Thus,  the  measured  quantities  are  the  Young's  and 
shear  moduli,  which  are  directly  related  to  the  elastic 
compliances  S^J.  However,  if  the  wavelength  is  not 
much  larger  than  the  sample  dimensions,  a  correction 
for  the  Poisson  contraction  (or  lateral  motion)  must  be 
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Exp. 
No. 

Spec. 
No. 

Mode 

e 

Measured  quantity 

1 

1 

L 

90 

2 

2 

L 

0 

^33 

3 

3 

T 

0 

^13=  T~ 

4 

4 

T 

90 

c  ^ 

^44 +  '^66 

5 

5 

L 

60 

r 

9^11    '^33    6^13  3S44 

6 

6 

T 

60 

8 

SSjj  +  3S33  —  65i3  +  2S44  +  SSee 

^plied  to  Young's  modulus. When  the  length-to-diam- 
eter ratio  is  10  to  1 ,  this  correction  amounts  to  about 
one  part  in  10^. 

The  value  of  Young's  modulus  for  an  arbitrary  direc- 
tion in  a  specimen  with  transverse  isotropy  is  given  in 
terms  of  the  elastic  compliances  by^ 

1  /£  =     s  in*  61  +  S33  cos^e  +  (2S13  +  S44)  sin^  e  cos^  6 ,   (5 ) 

where  6  is  the  angle  between  the  specimen  axis  and  the 
unique  axis.  Similarly,  the  shear  modulus  is 

1/G  =  S«  +  (Si,  -      -  iSii)  sin^e 

+  2  (Sii  +  S33  -  2Si3  -  S44)  sin^  6  cos^  6 . 

Most  measurements  were  made  during  cooling.  All 
experiments  were  performed  at  least  twice,  and  any 
unusual  behavior  was  examined  on  heating  as  well  as 
cooling,  for  reversibility. 

A.  Superconducting  coil  composite 

Measurements  made  on  the  coil  composite  are  listed 
in  Table  n.  Again,  6  is  the  angle  between  the  specimen 
axis  and  the  3  axis  (longitudinal  axis).  The  mode  speci- 
fies either  longitudinal  or  torsional  oscillations.  The 
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TEMPERATURE  (K) 

FIG.  3.  Young's  modulus  of  the  superconducting  coll  compo- 
site, e  =  o\ 


subscripts  on  E  and  G  designate  the  direction  of  the 
force  and  the  plane  on  which  the  force  is  ^plied,  re- 
spectively. The  compliances  S^,  S33,  and      are  found 
directly  from  experiments  1,  2,  and  3,  respectively. 
From  experiment  4,  S^^     found  using  the  relation 
2(Sn  -Si2)==Sge  and  the  value  of  S^^  from  experiment  3. 
Either  specimen  5  or  6  can  be  used  to  determine  S^^. 
This  compliance  must  be  determined  from  a  measure- 
ment on  a  specimen  with  its  axis  at  an  angle  to  the 
longitudinal  direction.  As  can  be  seen  from  Table  O, 
however,  the  Young's  or  shear  modulus  measured  on 
specimens  with  0°  <  6<  90°  is  only  partly  dependent  on 
.  Thus,  Sj3  will  be  the  least  accurately  determined 
compliance.  The  measurement  of  this  compliance  cor- 
responds to  the  measurement  of  the  elastic  stiffness 
by  megahertz  ultrasonic  techniques.  Zimmer  and 
Cost"  encountered  difficulty  in  measuring  C^^  for  a 
composite  material  and  their  estimated  uncertainty  in 
this  elastic  constant  (100%)  was  ascribed  to  dispersion 
as  well  as  to  the  relatively  high  inaccuracy. 

The  experimental  data  are  presented  in  Figs.  2—7. 
The  smooth  curves  represent  regular  temperature  be- 
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FIG.  2.  Young's  modulus  of  the  superconducting  coll  compo- 
site, 6  =  90°. 
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FIG.  4.  Shear  modulus  of  the  superconducting  cotl  composite, 
6  =  0°. 
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FIG.  5.  Shear  modulus  of  the  superconducting  coil  composite, 
6  =  90°. 
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FIG.  7.  Shear  modulus  of  the  superconducting  coil  composite, 
6  =  60°. 


havior  as  given  by  a  theoretical  relationship  suggested 
by  Varshni*^  that  has  been  used  successfully  to  repre- 
sent the  temperature  dependences  of  metals,*^  ionic 
solids,'*^  and  several  alloys.''®  The  over-all  fit  of  this 
function  to  these  data  is  not  nearly  as  good  as  for  other> 
materials,  and  the  data  for  £33  could  not  be  fitted  to  the 
Varshni  function  because  of  its  concave-upward  curva- 
ture. A  smooth  curve  was  drawn  through  the  data  points 
and  the  actual  point  values  were  used  in  calculations. 
This  modulus  was  measured  several  times  to  check  its 
behavior,  and  data  from  different  measurements  agreed 
closely.  These  data  had  completely  reversible  tempera- 
ture response . 

The  shear  modulus  corresponding  to  shearing  the 
axial  planes  in  the  radial  direction  G^j,  or  vice  versa, 
is  shown  in  Fig.  8.  This  modulus  was  calculated  from 
the  curve  values  of  G13  and  G',  since  Gi2  =  l/S66- 

Because  of  the  difficulty  in  machining  the  specimens 
to  small  radii,  the  ratios  of  lengths  to  diameters  were 
in  some  cases  on  the  order  of  4  or  5  to  1.  The  estimated 
correction  to  the  Young's  moduli  in  these  cases  is  still 
only  about  1%. 


150  200 
TEMPERATURE  (K) 


The  elastic  compliances  as  functions  of  temperature 
are  given  in  Table  HI.  The  compliances  S^,  S33,  and 
S44  are  just  reciprocals  of  S^,  £33,  and  G13,  as  men- 
tioned previously.  The  error  in  the  directly  measured 
moduli  is  estimated  to  be  about  1%;  thus  these  com- 
pliances should  be  accurate  to  1%  also.  The  complianci 

is  found  from  combining  the  results  of  three  mea- 
surements. Thus,       may  be  less  accurately  known.  It 
was  found  that  in  solving  for  S^^  from  either  Eq.  (5)  or  ' 
(6),  a  1%  error  in  the  measured  modulus  led  to  a  10— 
20%  error  in  S13.  Thus,  the  error  associated  with  5^3 
is  considerable,  perhaps  as  much  as  100%.  The  values 
reported  for  S^^  are  the  average  of  the  values  found  * 
from  experiments  5  and  6,  which  are  -0.110  and 
-0.058,  respectively.  From  the  material  available,  it  1 
was  not  possible  to  machine  specimens  with  6<  60°  for 
other  determinations  of  Sjg.  As  expected,  the  material 
was  found  to  be  highly  anisotropic  with  Sn  =  2s33. 

It  is  emphasized  that  the  data  reported  here  are  dy- 
namic (adiabatic)  rather  than  static  (isothermal)  and 
apply  to  rapid,  rather  than  slow,  loading.  Conversion 
formulas  are  given  in  Landau  and  Litschitz,*'  for  ex- 
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6.  Young's  modulus  of  the  superconducting  coil  compo- 
6  =  60'. 


FIG.  8,  Shear  modulus  Gjj  of  the  superconducting  coil 
composite. 
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TABLE  III.  Elastic  compliances  of  the  superconducting  coLl 
composite  at  selected  temperatures  (10'"^  m^/N)  as  determined 
bv  resonance  oscillator  tecliniques.  


T  (K) 

ll 

c 

12 

e 

13 

c 

o 

c 

0 

0.  242 

-0,074 

-0.061 

0. 112 

0,910 

0.631 

50 

0,242 

-0.074 

-0,061 

0. 113 

0,910 

0,  632 

100 

0,248 

-0.076 

-0,066 

0.  115 

0,920 

0,648 

150 

0.  260 

-0,083 

-0.073 

0.118 

0.  964 

0,  684 

200 

0,275 

-0.  0S9 

-0.079 

0.119 

1.046 

0,728 

250 

0.294 

-0.094 

-0,082 

0.121 

1. 170 

0,  776 

300 

0.316 

-0.096 

-0.084 

0,123 

1.350 

0,  823 

ample;  in  most  cases  the  differences  between  adiabatic 
and  isothermal  elastic  constants  are  small.  These 
formulas  involve  the  thermal-expansion  coefficients  and 
the  specific  heat.  The  thermal -expansion  coefficients 
are  known  for  this  composite, but  the  specific  heat  has 
not  yet  been  determined.  If  an  estimate  of  the  specific 
heats  of  the  components,  the  difference  between  the 
adiabatic  and  isothermal  Young's  moduli  is  at  most 
0.5%.  The  adiabatic  and  isothermal  shear  moduli  are, 
of  course,  equal, 

B.  Epoxy-fiber-glass  composite 

Measurements  were  also  made  on  the  epoxy-fiber- 
glass  specimens  listed  in  Table  I.  These  specimens 
were  oriented  with  the  layers  of  fiber-glass  cloth  run- 
ning the  length  of  the  specimen;  these  were  the  only 
orientations  available.  The  Young's  and  shear  moduli 
are  shown  in  Figs.  9  and  10.  The  shear  modulus  is  well 
represented  by  the  Varshni  function,  and  is  seen  to  have 
normal  temperature  behavior.  A  smooth  curve  was 
drawn  through  the  Young's  modulus  data,  which  could 
not  be  fitted  to  the  Varshni  function  because  of  the  low- 
temperature  maximum. 

IV.  DISCUSSION 

Some  elastic  data,  taken  by  conventional  static 
methods,  were  available  for  the  superconducting  coil 
composite  and  the  epoxy-fiber-glass  composite. 
These  data  generally  compared  very  favorably  with  the 
resonance  data.  For  example,  resonance  values  of  E^^ 
at  room  temperature  and  4  K  are  12  and  1%  larger  than 
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FIG,  9,  Young's  modulus  of  epoxy— fiber-glass,  6  =  0°. 
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the  static  data  taken  at  these  temperatures.  The  inac- 
curacy of  the  static  values  is  given  as  about  10%.  Also, 
resonance  values  of  £33  agree  with  the  static  data  within 
5—7%,  and  resonance  values  of  G^^  agree  with  the  static 
values  within  6—11%, 

Other  elastic  constants  of  interest  include  the  Poisson 
ratios: 

Vn'-^-SjS,,  (7) 

and 

"■^is/Saa,  (8) 

where  v ^j  represents  the  negative  ratio  of  strain  in  the 
j  direction  to  strain  in  the  i  direction. 

The  value  of  room  temperature  is  0.304.  The 

reported^^  static  value  is  0.335,  with  the  inaccuracy 
again  believed  to  be  about  10%.  Thus,  this  result  gives 
added  confidence  to  the  resonance  value  of  Sjg.  However, 
the  Poisson  ratio  v^^,  involves  the  compliance  S^^, 
which  has  already  been  noted  to  be  much  more  inac- 
curate than  the  other  four  compliances.  In  fact,  if  the 
room -temperature  values  of      and  S33  are  used,  1/^3 
=  0.683,  whereas  the  static  value  is  0.333.^^  Since  the 
other  elastic  constants  are  all  in  relatively  good  agree- 
ment with  the  static  values,  it  is  reasonable  to  expect 
that  j/j3  should  be  also.  Thus,  the  value  of  5^3  is  highly 
suspect,  especially  since  a  value  near  j  seems  more 
realistic  for  Poisson's  ratio. 

It  is  also  of  interest  to  consider  the  compressibilities . 
For  a  material  with  transverse  isotropy,  the  linear 
compressibilities  are 

fei  =  Sn+Sx2+S,3 

and  (9) 

where  the  subscripts  designate  the  axis.  Also,  the  vol- 
ume compressibility  is 

K  =  2k^+k^.  (10) 

If  the  room-temperature  values  of  the  compliances, 
as  given  in  Table  HI,  are  used,  then  fei  =  0. 136x10"^° 
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FIG,  10,  Shear  modulus  of  epoxy— fiber-glass,  9  =  0°. 
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TABLE  IV.  Elastic  stiffnesses  of  the  superconducting  coil 
composite  at  selected  temperatures  (10^"  N/m^). 


T  (K) 

11 

C  ^ 
12 

C  * 
13 

C  * 

44 

Q 

GG 

0 

5.  10 

1.94 

2.39 

10.  59 

1. 10 

1.  58 

50 

5.10 

1.93 

2.39 

10.46 

1.  10 

1.  58 

100 

4.  99 

1.90 

2.34 

10.27 

1.09 

1.  54 

150 

4.  80 

1.  87 

2.  27 

10.05 

1.04 

1.46 

200 

4.  54 

1.  79 

2. 15 

9.  86 

0.  96 

1.  37 

250 

4.  21 

1.63 

1.99 

9.64 

0.  85 

1.29 

300 

3.  82 

1.39 

1.77 

9,  35 

0.  74 

1.22 

^These  constants  are  dependent  on  1^13,  and  were  calculated 
using  the  static  value  of  ^13,  which  was  taken  as  independent 
of  temperature. 


m2  N,  /^3= -0.045x10-'°  mVN,  and  A'=  0. 027  x  10-'° 
mVN.  However,  if  the  Poisson  ratio  1^13  is  taken  as  ^, 
then  Si3  =  -  0. 041  xlO"'°  m^/N  at  room  temperature,  and 
fei  =  0.179x10-1°  mVN  feg  =  0. 041  x lO-'"  mVN,  and  the 
volume  compressibility /s:  =  0. 399  xlO"i°  m^/N.  The 
relatively  large  value  for       and  the  negative  ^3  that  re- 
sult from  the  resonance  S13  may  not  be  unreasonable, 
considering  the  multicomponent  material.  The  elastic 
stiffness  coefficients,  however,  can  be  calculated  from 
the  compliances  and  indicate  that  the  resonance  value  of 
S,o  is  in  error. 


The  elastic  stiffnesses  (C^j)  can  be  directly  calculated 
by  inverting  the  S^j  matrix  ii  all  the  compliances  are 
known.  Tiie  explicit  relationships  are^" 


1^-^.5    _s'  )s 


^13 


c  =  — 

'-'44      O  ■■ 
■^44 


-^11  +  -big 

s 

1 


(11) 


and 


where  §  =  533(511  +Si2)-2S^3.  Except  for  C^^  and  Cgg, 
these  relationships  depend  strongly  on  5,3 .  Using  the 
resonance  value  of  5^3,  the  elastic  stiffnesses  that  de- 
pend on  5i3  are  found  to  increase  with  increasing  tem- 
perature, which  is  contrary  to  normal  behavior.  Since 
the  Young's  and  shear  moduli  all  behave  fairly  regularly 
with  temperature,  the  resonance  value  of  5^3  seems  un- 
reasonable. In  calculating  the  elastic  stiffnesses,  then, 
a  value  of  j  for  1^,3  was  used,  and  this  Poisson's  ratio 
was  taken  as  constant  with  temperature.^®  It  is  believed 
that  the  elastic  stiffnesses  obtained  this  way  are  more 
accurate  than  those  obtained  using  the  resonance  value 
of  S13.  The  elastic  stiffnesses  are  given  in  Table  IV, 

As  expected,  the  elastic  properties  of  this  composite 
are  highly  anisotropic.  The  anisotropy  is  best  described 
by  considering  the  percent  elastic  anisotropy  as  dis- 


cussed by  Chung  and  Buessem.'*®  For  transversely  iso- 
tropic symmetry,  this  scheme  involves  using  the  con- 
ventional anisotropy  ratios  (the  linear  compressibility 
ratio  \  =  k^/k^,  and  the  shear  anisotropy  A^  =  C^^/Cgg) 
to  calculate  anisotropy  parameters  A*  and  A*  with  the 
following  properties:  A*  is  zero  for  materials  that  are 
elastically  isotropic,  i.  e.  ,  A  =  1;  A*  is  always  positive 
and  a  single-valued  measure  of  the  elastic  anisotropy  of 
a  material  regardless  of  whether  A  <1  or  A  >  1 ;  and  A* 
gives  the  relative  magnitude  of  the  elastic  anisotropy 
present  in  the  material.  For  this  composite  A^=0.23, 
A*  =  8.4%,  A^==0.61,  and  A*  =12.3%.  For  comparison, 
A*  «  9 . 9%  and  A*  =  13 . 7%  for  zinc ,  '•^  which  is  one  of  the 
most  anisotropic  hexagonal  metals. 

The  static  value  of  Young's  modulus  of  the  fiber- 
glass—epoxy  is  also  available.*"  This  Young's  modulus 
was  measured  on  a  specimen  oriented  like  the  one  used 
for  the  resonance  measurements.  The  resonance  and 
static  values  differ  by  4—10%.  There  was  no  evidence  of 
a  maximum  in  the  static  data,  but  it  is  believed  that  the 
maximum  is  real.  This  maximum  was  observed  during 
several  measurements  and  was  completely  reversible. 
No  explanation  for  this  behavior  can  be  given  at  this 
time. 

V.  CONCLUSIONS 

The  resonant  piezoelectric  oscillator  method  used  in 
this  work  is  generally  suitable  for  measuring  the  elastic 
properties  of  composite  materials.  This  method  is  ac- 
curate, fast,  and  requires  only  small  specimens.  It  is 
suitable  for  measurements  at  all  temperatures  from  0  K 
to  greater  than  1000 'C.^^'^"  The  general  techniques  and 
theory  of  this  method  are  well  understood.  This  method 
does  not  appear  to  have  the  limitations  of  static  and 
other  ultrasonic  techniques. 

The  elastic  compliance  data  presented  in  this  work 
generally  agree  well  with  existing  data  taken  by  conven- 
tional static  methods,  with  the  exception  of  5i3.  It  is 
believed,  however,  that  if  specimens  with  different 
orientations  were  available,  a  more  accurate  determina- 
tion of      could  be  made.  These  data  can  be  used  to  cal- 
culate other  elastic  properties,  such  as  the  elastic  stiff- 
ness coefficients  and  compressibilities.  However,  many 
of  these  elastic  properties  depend  on  S13,  and  their  ac- 
curacies would  also  benefit  from  a  better  determination 
of  S13. 

The  superconducting  coil  composite  was  highly  aniso- 
tropic, with  elastic  anisotropics  similar  to  those  of 
zinc.  This  high  anisotropy,  characteristic  of  many  com- 
posite materials,  necessitates  careful  measurements  of 
elastic  properties  of  these  materials. 

The  measured  elastic  moduli  of  the  composite  are  not 
as  well  represented  by  the  Varshni  function  as  they  are 
for  most  metals  and  alloys;  i.e. ,  the  elastic  moduli  of 
the  superconducting  coil  composite  are  less  regularly 
behaved  with  respect  to  temperature. 
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Summary: 


Fracture  Mechanics  Parameters  of  Engineering 


Materials  at  Cryogenic  Temperatures 


This  section  of  the  report  contains  two  manuscripts.    Fracture  mechanics  design  data 
are  presented  for  a  nickel  base  superalloy,  Inconel  718,  and  an  aluminum  base  alloy, 
2219-T6.    The  plane  strain  fracture  toughness  parameters  (Kj^  and  Jjc),  tensile,  and  fatigue 
crack  growth  rates  (da/dN)  were  measured  using  state-of-the-art  test  procedures.  The 
results  are  summarized  as  follows: 

(1)  The  tensile,  fatigue,  and  fracture  properties  of  Inconel  718  alloy  are  nearly 
constant  or  slightly  improved  at  decreasing  temperatures  between  295  and  4  K.    The  fracr 
ture  toughness  (Kjc)  at  4  K  is  16%  higher  than  the  room  temperature  value  of  96.3  MPa-m'/2. 
This  alloy  is  useful  for  cryogenic  structural  applications  requiring  an  exceptional  yield 
strength  (1.172  GPa  at  295  K)  and  moderate  fracture  toughness. 

(2)  J-integral  resistance  curves  for  three  specimen  thicknesses  and  valid  (according 
to  ASTM  Method  E  399)  Kjc  values  at  76  K  are  reported  for  aluminum  alloy  2219.  The 
J-integral  values  were  independent  of  thickness  at  small  crack  extensions,  but  at  substan- 
tial crack  extensions  the  values  for  the  thin  specimens  were  larger  than  those  for  the 
thick  specimens.    The  measured  Jj^,  values  were  less  than  those  calculated  from  the  mea- 
sured Kt    values.    The  reason  for  this  discrepancy  was  that  crack  extension  occurred 
before  tne  Kj^,  measurement  point  was  reached. 


[ 
I 


88 


LOW  TEMPERATURE  EFFECTS  ON  THE  FRACTURE  BEHAVIOR  OF  INCONEL  718 


R.  L.  Tobler 

Cryogenics  Division 
Institute  for  Basic  Standards 
Boulder,  Colorado  80302 

ABSTRACT 

The  mechanical  properties  of  a  solution  treated  and  double  aged 
Inconel  718  forging  were  studied  to  assess  its  utility  at  temperatures 
in  the  ambient- to-cryogenic  range.     Uniaxial  tensile  property  measure- 
ments using  unnotched  specimens  at  decreasing  temperatures  between 
295  and  4  K  show  that  yield  and  ultimate  strengths  increase  by  20% 
and  29%,  respectively,  while  ductility  remains  virtually  constant. 
Fracture  mechanics  tests  using  2.54  cm-thick  compact  specimens  revealed 
that  the  fatigue  crack  growth  resistance  of  this  alloy  improves  slightly 

at  extreme  cryogenic  temperatures,  and  its  plane  strain  fracture 

1/2  1/2 
toughness,  K^^,  increases  from  96.3  MPa«m        at  295  K  to  112.3  MPa«m 

at  4  K.     These  results  are  compared  with  similar  data  for  Inconel  750 

alloys. 


Key  words:  Fatigue;  fracture;  low  temperature  tests;  mechanical  properties;  nickel  alloys 
superalloys . 
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INTRODUCTION 

A  precipitation  hardenable  nickel  base  superalloy  known  as  Inconel  718    was  first 
developed  for  elevated  temperature  service.     Then,  by  virtue  of  its  austenitic  structure, 
high  strength,  and  weldability,  the  alloy  found  applications  in  the  ambient-to-cryogenic 
temperature  region  as  well.     Current  applications  at  temperatures  as  low  as  20  K  include 
liquid  oxygen  and  liquid  hydrogen  pressure  vessels  for  spacecraft.     Emerging  applications 
related  to  superconducting  machinery  (torque  tubes,  damper  shields)  will  probably  further 
extend  the  utility  of  Inconel  718  to  temperatures  approaching  absolute  zero. 

A  need  for  reliable  mechanical  property  data  accompanies  the  expanded  use  of  this  alloy. 
Conventional  tensile  properties  for  the  temperature  range  295  to  4  K  [1-14]  are  insufficient 
to  ctiaracterize  the  load-carrying  capability  of  large  structures  subject  to  fatigue.  As 
demonstrated  by  this  study,  relatively  brittle  fractures  may  occur  when  fatigue  cracks  are 
located  in  thick  sections  of  Inconel  718,  despite  the  fact  that  this  material  exhibits 
appreciable  ductility  in  the  unnotched  condition. 

The  existing  fatigue  crack  growth  and  fracture  toughness  data  [12-17]  relate  predomi- 
nantly to  thin  sections  and  non-standard  specimen  geometries,  or  concentrate  only  on  room 
temperature  properties.     The  present  study  describes  the  mechanical  behavior  of  Inconel  718 
at  several  temperatures  including  295,  195,  76,  and  4  K.     In  addition  to  conventional  tensile 
property  determinations,  fatigue  crack  growth  resistance  was  evaluated,  and  the  ASTM  standard 
method  of  test  for  plane  strain  fracture  toughness  of  metallic  materials  (ASTM  E-399-74)  [18] 
was  applied  to  generate  valid  K^.^  data  for  this  alloy. 

MATERIAL 

The  Inconel  718  alloy  was  purchased  in  the  form  of  a  forged  7.7  cm  x  7.7  cm  square  bar 
that  had  been  annealed  at  1200  K  for  Ih.     As  quoted  from  the  mill  sheet,  the  chemical 
composition  in  weight  percent  is:     53.4  Ni,  18.5  Fe,  18.1  Cr,  5.24  Nb  +  Ta,  2.95  Mo,  0.90  Ti, 
0.49  Al,  0.17  Co,  0.10  Mn,  0.10  Cu,  0.10  Si,  0.05  C,  0.01  P,  0.003  B,  0.002  S.     All  test 
specimens  were  machined  prior  to  precipitation  hardening,  which  followed  the  standard  heat 
treatment : 

1)      Solution  treatment  (1256  K  for  3/4h,  air  cool); 
and    2)      Double  age  (992  K  for  8h,   furnace  cool  to  894  K,  hold  lOh,  and  air  cool). 

PROCEDURES 

Tensile 

Tensile  tests  were  conducted  at  room,  liquid  nitrogen,  and  liquid  helium  temperatures  at 
a  crosshead  velocity  of  0.008  mm  per  second.     Reed  [19]  described  the  44.5  kN  screw-driven 
machine,  cryostat,  and  low  temperature  techniques  used  here.     The  tensile  specimens  had  a 
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reduced  section  3.8  cm  long  and  0.51  cm  in  diameter.  The  tensile  axis  was  transverse  to  the 
forging  axis,  such  that  the  fracture  plane  orientation  matched  that  of  the  compact  specimens 
described  below.  The  outputs  of  a  commercial  load  cell  and  clip-on  strain  gage  extensometer 
were  recorded  and  analyzed  as  outlined  in  ASTM  Method  E8-72  [20] . 

Fracture 

The  compact  specimens  used  for  fatigue  and  fracture  tests  had  a  thickness,    B,  of 
2.54  cm  and  a  width,     W,     of  5.08  cm.     These  specimens  were  machined  in  the  TS  orientation  [18], 
with  their  loading  axis  and  crack  propagation  directions  transverse  to  the  original  forging 
axis.     Other  specimen  features  were  in  accordance  with  the  E-399-74  method,  except  that  a 
modified  notch  was  incorporated.    As  shown  in  Figure  1,  the  modified  notch  permits  clip  gage 
attachment  at  knife  edges  in  the  loadline. 

Room  temperature  tests  were  conducted  using  a  100  kN  servo-hydraulic  test  machine  and 
cryostat  in  ambient  air.     Low  temperature  environments  were  achieved  by  immersing  the  load 
frame,  specimen,  and  clip  gage  in  alcohol  and  dry  ice  (195  K) ,  liquid  nitrogen  (76  K)  or 
liquid  heliiim  (4  K)  .     The  clip  gage  satisfied  E--399-74  linearity  requirements  at  each  temper- 
ature.    A  detailed  description  of  the  low  temperature  apparatus  and  techniques  was  given  by 
Fowlkes  and  Tobler  [21]. 

Fracture  toughness  specimens  were  precracked  at  their  K      test  temperatures  and  loaded 
1/2 

to  fracture  at  1  MPa*m       per  second.     Following  the  E-399-74  method,  K^^  was  calculated  from 
the  solution  for  compact  specimens: 

=    Pq  b"^  w"^/^  [f(a/W)]  (1) 

where 

f(a/W)    =    29.6  (a/W)-'"''^  -  185.5  (a/W)"^^^  +  655.7  (a/W)^''^ 

(2) 

-  1017.0  (a/W)''''^  +  638.9  (a/W)^''^ 


In  these  equations,        is  the  load  defined  by  the  secant  offset  procedure  [18],  and    a  is 
the  average  of  three  crack  length  measurements  at  25,  50,  and  75%  of  specimen  thickness. 

Fatigue 

Fatigue  crack  growth  rates  were  measured  during  the  precracking  of  K^^  specimens  where 
the  maximum  stress  intensity  factor  never  exceeded  0.6  K^^.    Additional  specimens  were  tested 
to  obtain  growth  rates  at  higher  stress  intensities.    Although  most  specimens  were  2.54 
cm  thick  (W/B  =  2),  four  tests  of  a  0.508  cm  thickness  (W/B  =  10)  were  also  included.  The 
fatigue  operations  were  conducted  using  controlled  load,  a  sinusoidal  load  cycle,  and  a  cycle 
frequency  of  20  Hz;  the  ratio,    R,     of  minimum/maximum  load  was  0.1. 

Crack  growth  was  monitored  indirectly  by  compliance  measurements,  as  previously 
described  [21].     Briefly,  a  correlation  between  crack  length  and  specimen  deflection  per  unit 
load  (6/P)  was  determined  by  measurements  on  fractured  specimens.    The  fatigue  tests  were 
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interrupted  periodically  to  record  6/P,  from  which  crack  lengths  could  be  inferred  and  plotted 
as  a  function  of  fatigue  cycles,     N.     A  computer  program  was  used  to  fit  the  a-versus-N  curves 
with  a  third  order  polynomial,  to  differentiate  the  curves  to  obtain  da/dN  values,  and  to 
calculate  the  associated  stress  intensity  factor  ranges,  AK,  from  the  peak  fatigue  loads: 

AK    =     (P      -P^,.„)  B"^  w"^/2  [f(a/W)]  (3) 
max  mm 


RESULTS 

Tensile 

Table  1  lists  the  yield  and  ultimate  strengths,  elongation,  and  reduction  in  area  mea- 
surements for  Inconel  718  at  295,  76,  and  4  K.     These  data  are  plotted  in  Figures  2-4,  along 
with  data  for  other  Inconel  718  forgings  in  the  1256  K  solution  treated  and  double  aged 
condition.     The  temperature  dependences  of  these  tensile  parameters  illustrate  what  are 
considered  to  be  classical  trends  for  face  centered  cubic  metals  and  alloys  [22-24]: 
ductility  remains  nearly  constant,  there  is  a  moderate  increase  of  yield  strength,  and  a 
larger  increase  of  ultimate  strength.     The  yield  strength  of  the  present  alloy  ranges  from 
1.172  to  1.408  GPa  over  the  temperature  interval  investigated,  showing  good  agreement  with 
other  results  [9-13], 

On  the  other  hand,  the  heat-to-heat  variations  of  ductility  appear  to  be  sizable.  With 
reference  to  Figure  4,  reduction  in  area  measurements  at  room  temperature  range  from  14  to 
30%,  but  the  values  for  our  alloy  are  intermediate  at  19%. 

Handbooks  [1-3]  contain  other  low  temperature  tensile  data  for  thin  sheet  and  other 
Inconel  718  stock  having  thermal  or  mechanical  treatments  differing  from  the  1256  K 
solutioning  and  double  aging  treatment  studied  here.     The  comparisons  above  are  sufficient  to 
demonstrate  that  the  present  is  representative  of  commercially  available  forgings. 

Fracture 

The  load-deflection  behavior  and  fracture  surface  of  a  compact  specimen  tested  at  4  K 
are  shown  in  Figure  5.     "Type  I"  test  records  [18]  with  slight  nonlinearity  prior  to  maximum 
load  were  observed  at  each  temperature.     The  fracture  surfaces  displayed  no  shear  portions 
but  were  flat  and  granular  in  appearance,  and  uninfluenced  by  test  temperature. 

The  K      calculations  are  itemized  in  Table  2.     The  2.54  cm-thick  specimens  tested  here 

/k  \2 

amply  satisfy  the  E-399-74  criterion  for  thickness,  B  >^  2.5  {    Ic  j  ,  which  requires  a  minimum 

thickness  of  1.9  cm  for  this  alloy  at  room  temperature.     Other^lnf ormation  pertinent  to 

assessing  the  validity  of         measurements  are  included  in  Table  2.     In  three  tests,  a/W 

ic 

exceeded  the  0.45  to  0.55  range.     However,  these  three  deviations  are  minor,  and  any  effects 
on         results  are  considered  negligible  compared  to  the  degree  of  scatter  among  specimens. 

The  average  K     value  at  each  temperature  is  plotted  in  Figure  6.     The  data  are  mildly 

1/2 

temperature  dependent,  showing  a  16%  increase  from  96.3  to  112.3  MPa'm       as  temperature  is 

lowered  from  295  to  4  K.     Logsdon,  et  al.   [12]  reported  a  14%  increase  for  compact  specimens 

of  an  Inconel  718  alloy  tested  at  295  and  4  K.    Note  that  their         values  are  lower  (70  to 

Ic 
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80  MPa'm      )  compared  to  the  present  results;  They  also  reported  lower  tensile  ductility,  as 
shown  in  Figures  3  and  4.     Note  also  that  the  temperature  dependence  of  fracture  toughness 
for  Inconel  718  is  opposite  to  that  for  Inconel  750  aZloys:     as  temperature  is  lowered, 
Inconel  750  shows  moderate  decreases  in  K^^  amounting  to  8%  between  295  and  76  K  [26],  and 
11%  between  295  and  4  K  [25]. 

The  literature  [13-16]  contains  other  fracture  toughness  data  for  Inconel  718  which  were 
not  obtained  by  the  E-399-74  method.     Those  measurements  were  derived  from  tests  of  center- 
notched,  single-edge-notched,  or  surface-flawed  specimens.     To  their  advantage,  surface-flawed 
specimens  simulate  a  flaw  type  that  commonly  occurs  in  pressure  vessels,  but  the  fracture 
toughness  results  are  directly  applicable  only  when  the  service  conditions  match  the  specifics 
of  specimen  flaw  shape  and  thickness.     Hall's  experimental  results  indicate  that  surface 
flawed  specimens  produce  high  apparent  fracture  toughness  values  as  compared  with  the  true  K^^ 
values  from  standard  compact  or  bend  specimens   [27].     Further  difficulty  arises  from  the  fact 
that  the  Inconel  718  specimens  tested  by  Witzell  [13],  Pettit,  Feddersen,  and  Mindin  [14]  and 
Taylor  [16],  are  too  thin  (1.6  to  3.5  mm)  to  avoid  size  effects  according  to  the  E-399-74 
criterion.     For  these  reasons,  such  data  are  of  limited  value  to  designers.     On  the  other  hand, 
the         data  of  Figure  6  are  independent  of  specimen  geometry  and  represent  true  material 
constants  which  are  generally  applicable  in  design. 

Fatigue  Crack  Growth  Rates 

As  demonstrated  by  Paris  and  Erdogan  [28],  fatigue  crack  growth  rates  can  usually  be 
described  as  power-law  functions  of  the  stress  intensity  factor  range,  AK: 

i  -  w 

where    C    and    n    are  material  constants  that  depend  on  environment  and  test  variables. 
Logarithmic  plots  of  da/dN-versus-AK  measurements  that  are  in  agreement  with  Eq.   (4)  reveal 
linear  trends  from  which    n    and    C    can  be  determined  as  the  slope  and  ordinate  intercept  at 
AK  =  1,  respectively. 

The  fatigue  crack  growth  rates  of  Inconel  718  at  295,  195,  76,  and  4  K  are  plotted  on 

logarithmic  coordinates  in  Figure  7.     The  data  define  a  scatterband  approximately  7  to  12 
1/2 

MPa'm        wide.     At  equivalent  AK  values,   the  rates  at  cryogenic  temperatures  are  slightly 
lower  than  at  room  temperature.     However,   the  improvement  in  fatigue  crack  propagation 
resistance  is  modest,  and  barely  distinguishable  beyond  the  scatter  of  replicate  tests  unless 
the  temperature  differential  exceeds  150  to  200  kelvins. 

Linear  segments  representing  two  Paris  equations  were  chosen  to  approximate  the  upper 
(295  K)  and  lower  (4  K)  extremes  of  data  in  Figure  7.     Thus,  at  295  K: 

^    =    8  X  10"^^  (AK)^  (5) 


and  at  4  K: 
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da 
dN 


=    4.8  X  10 


,-11 


(AK) 


4 


(6) 


where  AK  is  in  MPa'm' 
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and  da/dN  is  in  mm/cycle.     The  exponent,  n  =  4,  which  some  theories 


predict  [29],  provides  a  good  approximation  for  these  experimental  results. 

Figures  8  and  9  compare  the  fatigue  crack  propagation  resistance  of  Inconel  718  with  the 
available  results  for  other  nickel  base  alloys  and  stainless  steels  which  could  be  considered 
material  competitors  for  various  applications.     Note  that  the  room  temperature  crack  growth 
rates  reported  by  Shahinian,  Watson,  and  Smith  [17]  are  in  close  agreement  with  the  present 
data  for  Inconel  718.     As  shown  in  Figures  8  and  9,  the  fatigue  crack  propagation  resistance 
of  Inconel  718  is  intermediate  compared  with  other  austenitic  alloys. 


The  low  temperature  tensile  properties  of  this  Inconel  718  alloy  were  equivalent  or 
superior  to  its  properties  at  room  temperature.     Other  studies  of  Inconel  718  alloys  have 
shown  that,  as  the  temperature  decreases  to  4  K,  Young's  modulus  increases  by  6%  [31],  fatigue 
strength  at  10    cycles  increases  by  approximately  75%  [8] ,  and  Charpy  impact  values  show 
little  change  [11].     Since  none  of  these  parameters  are  deleteriously  affected,  the  reliability 
of  Inconel  718  structures  will  not  be  decreased  at  extreme  cryogenic  temperatures. 

The  attractive  feature  of  a  high  yield  strength  which  increases  at  cryogenic  temperatures 
without  sacrifice  of  tensile  ductility  justifies  Inconel  718 's  selection  for  numerous 
applications.     Nevertheless,  this  alloy  is  susceptible  to  brittle  fracture  in  thick  sections 
containing  flaws.     The  fracture  toughness  at  ambient  and  cryogenic  temperatures  is  useful  but 
moderate;  therefore,  accurate  fracture  mechanics  evaluations  seem  necessary  to  assure 
structural  safety  and  efficient  design. 

In  the  fracture  mechanics  approach,     K    is  proportional  to  the  magnitude  of  elastic 
stresses  at  the  crack  tip.     Upon  reaching  a  critical  value,  K^^,  the  material  fractures 
catastrophically ,  without  significant  plastic  deformation.     Using  handbook  [32]  equations  for 
various  component  geometries  of  known  dimensions  and  loadings,  the  maximum  flaw  size  that  a 
structure  will  tolerate  can  be  calculated  based  on  the  material's  K^^  value.     Fatigue  crack 
growth  rates  enable  a  prediction  of  the  total  number  of  load  cycles  required  to  propagate 
an  initial  crack  to  critical  proportions.     Thus,   the  da/dN  and  K^^  data  of  this  report  can 
be  used  to  assess  the  safe  operating  lifetimes  of  Inconel  718  structures. 

The  significant  finding  that  Inconel  718 's  da/dN  and  K^^  parameters  are  nearly  invariant 
at  temperatures  below  295  K  should  facilitate  fracture  mechanics  analyses.     For  example,  the 
performance  of  a  component  of  this  material  at  cryogenic  temperatures  could  be  conservatively 
predicted  using  room  temperature  data  obtained  from  quality  control  tests  of  production 
material.     Similarly,  for  convenience  and  economy,  cryogenic  structures  might  be  proof-tested 
at  room  temperature. 

An  important  question  regarding  alloy  selection  is  whether  Inconel  718  might  supersede 
Inconel  750  as  a  construction  material  for  some  applications  in  superconducting  generators. 


DISCUSSION 
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Inconel  750  and  718  alloys  possess  a  high  resistance  to  fatigue  crack  propagation  which  seems 

to  be  a  characteristic  of  austenitic  alloys  in  general  [30].     Figures  8-9  compared  the  fatigue 

crack  growth  rates  of  Inconel  750  and  718  with  those  reported  for  several  austenitic  stainless 

steels.     Dismissing  minor  differences  in  the  rates  for  Inconel  750  and  718,  attention  centers 

on  yield  strength  and  fracture  toughness  comparisons.    At  4  K,  the  yield  strengths  of  solution 

treated  and  double  aged  Inconel  750  alloys  range  from  0.736  to  1.194  GPa,  depending  on 

manufacturing  process  and  heat  treatment  variations  [25] ;  K     values  for  the  same  heats  range 
1/2 

from  102  to  239  MPa*m      .     Based  on  the  present  study,  Inconel  718  offers  a  higher  yield 

1/2 

strength,  1.408  GPa,  but  its  K^^  value  of  112  MPa*m        is  on  the  low  side  of  the  range  for 
Inconel  750  alloys.     This  trade-off  between  yield  strength  and  fracture  toughness  will 
determine  alloy  selection  relative  to  the  specific  requirements  of  each  application. 

CONCLUSIONS 

Uniaxial  tensile  properties  and  fracture  mechanics  data  were  obtained  for  a  precipitation 
hardened  Inconel  718  forging  at  temperatures  in  the  ambient-to-cryogenic  range.     The  temper- 
ature dependences  of  the  mechanical  properties  of  this  alloy  may  be  considered  typical, 
qualitatively,  of  austenitic  alloys  in  general.    At  4  K,  the  yield  strength  of  this  Inconel 

718  alloy  was  20%  greater  than  the  room  temperature  value  of  1.172  GPa.    The  K  values 

1/2 

showed  that  fracture  toughness  varies  from  96.3  to  112.3  MPa*m       between  295  and  4  K,  whereas 
tensile  ductility  and  fatigue  crack  growth  resistance  remain  nearly  constant.     Based  on  these 
data  trends,  the  load-carrying  capability  of  flawed  or  unflawed  Inconel  718  structures  is  not 
expected  to  decrease  at  cryogenic  temperatures. 
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Table  1.     Tensile  property  results  for  Inconel  718. 


Temperature        0. 2%  Yield  Strength  Ultimate  Strength      Elongation      Reduction  in  Area 

K                  GPa               (ksi)                 GPa            (ksi)  %  .  % 

295                1.165  1.391  16.1  19.5 

1.396  14.3  18.4 

1.178   1.425   15.8  16.8 

Avg    1.172          (170.0)  1.404          (203.6)  15.4  18.2 

76                1.326  1.649  20.2  20.6 

1.359   1.649   20.9  18.9 

Avg    1.342          (197.4)  1.649          (239.2)  20.6  19.8 

4                1.371  1.802  21.7  24.0 

1.445   1.830   19.5  16.3 

1.408          (204.2)  1.816          (263.4)  20.6  20.2 
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double  aged  condition. 
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aged  condition. 

Figure  5.  Fracture  toughness  test  record  for  Inconel  718,  showing  fracture  surface 

appearance. 

Figure  6.  Temperature  dependence  of  fracture  toughness  for  two  Inconel  718  alloys. 

Figure  7.  Fatigue  crack  propagation  rates  for  Inconel  718. 

Figure  8.  Comparison  of  fatigue  crack  propagation  rates  of  Inconel  alloys  718  and  750. 

Figure  9.  Comparison  of  fatigue  crack  propagation  rates  of  Inconel  718,  Inconel  750,  and 
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Figure  1.     Compact  specimen  used  for  fatigue  and  fracture  tests. 
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EFFECTS  OF  SPECIMEN  THICKNESS  ON  FRACTURE 
TOUGHNESS  OF  SOME  ALUMINUM  ALLOYS 


J-integral  resistance  curves  for  three  specimen  thicknesses  and  valid 

(according  to  ASTM  Method  E  399)  K^^  values  at  76  K  are  reported  for  aluminum 

alloy  2219.    The  J-integral  values  were  independent  of  thickness  at  small 

crack  extensions,  but  at  substantial  crack  extensions  the  values  for  the 

thin  specimens  were  larger  than  those  for  the  thick  specimens.    The  measured 

J,    values  were  less  than  those  calculated  from  the  measured        values.  The 
Ic  Ic 

reason  for  this  discrepancy  was  that  crack  extension  occurred  before  the  Kj^ 
measurement  point  was  reached. 


Key  words:    Aluminum  alloys;  critical  stress  intensity,  cryogenic 
temperature;  fracture  toughness;  J-integral;  sub-critical  crack 
extension. 
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1.  Introduction 

The  generally  accepted  measure  of  the  fracture  toughness  of  a  metal 
is  the  plane  strain  fracture  toughness,  Kj^,  as  measured  by  ASTM  Method 
E  399-74  (Ref.  1).    However,  the  specimen  size  required  for  a  valid 
measurement  of  Kj^  may  be  so  great  that  tests  to  obtain  Kj^  may  be  too 
difficult  or  too  expensive  to  perform  (Ref.  2).    An  alternative  method 
of  measuring  plane  strain  fracture  toughness  known  as  the  J-integral 
method  (Refs.  3,  4)  is  being  widely  considered  because  of  its  less  strin- 
gent requirements  on  specimen  size.    The  results  described  in  this 
report  are  of  use  in  evaluating  the  J-integral  method  of  fracture  tough- 
ness testing. 

The  parameter  characteristic  of  fracture  toughness  which  is  mea- 
sured in  a  J-integral  test  is  Jj^,  the  value  of  the  J-integral  at  the 
onset  of  crack  extension.    In  the  linear  elastic  case,  Kj^  and  J^^  are 
related  as  (Ref.  3) : 

J,    =  iic  (1  -  v^)  (1) 
E 

where  E  is   Young's  modulus  and  v  is  Poisscn's  ratio  of  the  material. 

The  J-integral  test  can  be  traced  back  to  the  Griffith  criterion 
(Refs.  5,  6)  for  crack  extension  and  to  the  analytical  work  of  Eshelby 
(Ref.  7).    However,  Rice  (Ref.  8)  and  Begley  and  Landes  (Refs.  3,  4) 
have  been  mainly  responsible  for  the  formulation  of  the  current  con- 
cept of  the  J-integral  and  its  uses  in  fracture  toughness  testing. 
Landes  and  Begley  (Ref.  4)  have  recently  proposed  a  standard  test 
method  for  determining  J^  . 
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There  are  two  major  obstacles  to  the  successful  implementation  of 
the  J-integral  test  method.    The  proposed  test  method  is  an  attempt  to 
resolve  the  first  of  these,  namely,  the  choice  of  a  measurement  point. 
The  basic  procedure  in  a  J-integral  test  is  to  determine  experimentally 
a  resistance  curve  consisting  of  a  set  of  measured  J-integral  versus 
crack  extension  (J  versus  Aa)  data  points,  and  then  to  determine  Jj^  from 
this  curve  according  to  a  rule  which  specifies  the  measurement  point.  In 
the  proposed  J-integral  test  method,  the  measurement  point  is  chosen  at  a 
knee  in  the  J-Aa  curve,  and  thus  the  shape  of  this  curve  is  critical  to 
the  measurement.    It  is  asserted  that  if  Jj^  is  chosen  properly,  Eq.(l) 
holds,  and  a  measurement  of  Jj^  is  equivalent  to  a  measurement  of  Kj^. 
The  second  major  problem  with  the  J-integral  method  is  that  the  validity 
of  Eq.(l)  for  useful  structural  materials  has  not  been  demonstrated  theo- 
retically (Ref.  9).    The  attempted  extension  of  the  equivalence  of  Jj^  and 
Kj^  from  the  linear  elastic  to  the  elastic  plastic  case  has  been  supported 
by  appeal  to  experimental  results.    There  is  evidence  that  for  some  mate- 
rials Jj^  and        are  equivalent  (Ref.  4).    However,  J^^  and  Kj^  have 
been  found  not  to  be  related  by  Eq.  (1)  in  some  other  materials  (Ref.  10). 

The  objectives  of  the  present  study  were  to  determine  experimentally: 

(1)  Jj^  as  a  function  of  specimen  thickness  for  an  aluminum  alloy; 

(2)  the  relationship  between  Jj^  and  Kj^,  when  K^^  is  determined 
according  to  ASTM  Method  E  399; 

(3)  the  effect  of  specimen  thickness  on  the  shape  of  the  J-Aa  curve. 
Information  of  this  kind  is  quite  scarce,  and  is  necessary  before  the 
J-integral  method  can  be  standardized  as  a  reliable  test  method. 
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2.  Materials 

Two  aluminum  alloys,  2014-T652  and  2219-T87,  were  used  as  speci- 
men materials.    The  chemical  compositions  of  these  alloys  are  given  in 
Table  1.    The  2014-T652  designation  indicates  that  this  material  has  been 
heat-treated,  artificially  aged,  and  stress  relieved  by  compressing.  The 
2219-T87  designation  indicates  that  this  material  has  been  solution  heat- 
treated,  cold-worked,  and  then  artificially  aged.    After  polishing  and 
etching,  the  grains  in  both  alloys  were  seen  to  be  severely  elongated. 
A  section  cut  perpendicular  to  the  rolling  direction  shows  some  grains  about 
.02  cm  (.008  inch)  in  diameter  and  some  larger  grains  of  various  sizes 
in  the  2014  alloy,  while  the  same  treatment  reveals  grains  about  .03  cm 
(.012  inch)  in  diameter  in  the  2219  alloy.    On  sections  cut  parallel  to 
the  rolling  direction,  only  grain  boundaries  approximately  parallel  to 
the  rolling  direction,  spaced  .02  cm  were  seen  in  the  2014  alloy.  The 
2014-T652  and  2219-T87  alloys  had  Rockwell  hardness  of  B  80.6  and  B  81.1, 
respectively. 

The  yield  strength    a^,    ultimate  tensile  strength    cr^^^,  Young's 
modulus  E,  Poisson's  ratio  v,  and  plane  strain  fracture  toughness  Kj^  values 
obtained  for  the  two  alloys  tested  are  listed  in  Tables  2  and  3  (Ref.  11). 
For  measurements  of  Kj^  and  J,  the  2014  alloy  specimens  were  machined  in 
the  L-T  orientation,  and  the  2219  specimens  were  machined  in  the  T-L  orien- 
tation.   For  comparison,  handbook  (Ref.  12)  values  of  Kj^  are  also  shown. 
The  unusually  high  Kj^  of  the  2014  alloy  specimens  is  probably  due  to 
nonuniformi ties  in  the  specimen  material  produced  during  forging.  Metal- 
lographic  evidence  for  such  nonuniformi ties  is  discussed  below.  Originally, 
the  2014  alloy  was  chosen  for  its  availability  and  the  convenience  of 
machining  and  testing  the  specimens.    The  2014  alloy  specimens  were  cut 
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from  a  7.6  cm  (3  inch)  thick  forged  plate. 

The  J-_a  data  for  the  2014  alloy  summarized  in  Table  4  exhibited  an 
uneven  dependence  of  J  upon  la.    This  scatter  v;as  attributed  to  varia- 
tion of  properties  among  the  specimens.    The  specimens  used  in  the  tests 
were  examined  metallographical ly.    On  sections  cut  perpendicular  to  the 
rolling  direction,  some  relatively  large  grains  several  millimeters  in 
diameter  were  observed  along  with  the  small  grains  .02  cm  in  diameter. 
The  fraction  of  the  surface  which  was  made  up  of  small  grains  was  recorded 
in  Table  4  for  the  2014  alloy  specimens.    Both  the  raw  J-la  data  and  the 
data  classified  by  grain  size  for  the  2014  alloy  exhibited  so  much  scat- 
ter that  they  were  useless  for  the  purposes  of  the  present  study.  For 
this  reason,  a  plate  3.8  cm  (1.5  inch)  thick  of  aluminum  alloy  2219-T87 
was  obtained  and  tested.    The  remainder  of  this  report  is  concerned  with 
the  results  of  measurements  made  on  the  2219  alloy. 

3.  Procedures 

The  specimen  geometry  used  was  a  modified  compact  specimen,  as 
shown  in  Fig.  1.    The  normal  dimensions  of  all  the  specimens  tested  are 
listed  in  Table  5.    Tests  v/ere  conducted  in  an  electrohydraul ic  testing 
apparatus  equipped  with  a  stand-off  and  dewar  for  cryogenic  service  which 
has  been  described  previously  (Ref.  13),    The  specimens  were  mounted  in 
the  loading  fixtures  and  cooled  to  76  K  by  immersion  in  liquid  nitrogen. 
Each  specimen  was  precracked  by  loading  in  tension-tension  fatigue  at 
20  Hz  at  a  load  which  in  most  cases  was  60':  or  less  of  the  quasi  static 
load  used  in  the  J  test.    The  precracking  was  continued  to  a  nominal  crack 
length  of  a/W  =  .60.    Typically  the  precrack  reached  the  desired  length 
of  about  .5  cm  (.2    inch)  after  approximately  60,000  fatigue  cycles. 
After  precracking,  each  specimen  was  loaded  quasi  statical ly  to  a  stress 


115 


equal  to  or  less  than  the  maximum  load  used  in  the  precracking  procedure, 
and  the  load-displacement  line  was  recorded.    This  line  was  extended  to 
high  loads,  and  a  secant  line  deviating  from  this  anticipated  load  line 
by  a  preselected  amount  was  also  drawn.    After  these  preliminary  steps, 
the  quasistatic  crack  extension  was  accomplished  by  loading  the  specimen 
until  the   actual  load-displacement  curve  intersected  the  pre-drawn 
secant  line,  and  immediately  unloaded.    Then  the  specimen  was  refatigued, 
beginning  with  a  load  of  about  half  the  maximum  load  reached  during  the 
measurement  of  the  load-displacement  curve.    After  the  refatigue  crack 
had  grown  to  several  millimeters  in  length,  the  specimen  was  pulled  apart 
so  that  the  fracture  surfaces  were  accessible  for  examination.    The  crack 
growth  produced  during  the  static  load  cycle  was  visible  as  a  dark,  rough 
band  between  the  two  bright,  relatively  smooth,  fatigue  surfaces. 

Each  value  of  the  J-integral  was  computed  from  the  load-displacement 
record  obtained  during  the  static  load  cycle,  using  the  procedure  recom- 
mended by  Merkle  and  Corten  (Ref  14).    This  procedure  results  in  a  value 
of  the  J-integral  of 

J  =  AA,  (2) 
Bb 

where  A  is  the  area  under  the  load  displacement  curve,  B  is  the  specimen 
thickness,  b  is  the  specimen  ligament  remaining  after  precracking,  and 
X  is  a  function  of  the  crack  length  and  the  nonlinearity  of  the  load- 
displacement  record.    The  value  of  A  was  approximately  2.4  in  all  the  tests 
performed  in  this  study. 

In  the  proposed  standard  method  for  determining  J,    (Ref.  4)  the 

Ic 

crack  extension  Aa  is  defined  to  include  both  the  stretch  zone  and  the 
zone  of  material  separation,  if  any.    If  the  crack  extension  consists 
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only  of  a  stretch  zone,  the  J-Z.a  graph  is  expected  to  fall  along  the 
line  given  by 


J 


=  2  a. 


f  1  ow 


Aa 


(3) 


where  a 


flow 


is  the  arithmetic  mean  of  the  yield  strength  and  the  ulti- 


mate tensile  strength.    J^^  is  defined  as  the  value  of  J  at  the  inter- 
section of  the  line  given  by  Eq.(3)  with  the  back-extrapolation  of  the 
J-Aa  curve  from  the  region  where  material  separation  does  take  place. 
According  to  the  proposed  method,  the  back-extrapolated  J-A  curve  is 
expected  to  have  a  slope  different  from  that  of  the  line  given  by  Eq.(3), 
so  that  the  measured  J-Aa  curve  ought  to  have  a  relatively  sharp  knee 
in  it. 

Because  of  the  relatively  high  value  of  the  yield  and  ultimate 
tensile  stresses  of  the  2219-T87  alloy,  J^^  as  defined  by  this  proposed 
standard  occurs  at  a  crack  extension  of  less  than  ,002  cm.    Due  to  the 
difficulty  of  measuring  extremely  small  values  of  crack  extensions,  and 
the  apparent  unreliability  of  extrapolating  to  zero  crack  extension,  the 
initiation  of  crack  extension  was  taken  as  the  point  of  .005  cm  crack 
extension  for  purposes  of  the  present  study.    This  point  was  determined 
by  interpolation  or  extrapolation  on  graphs  of  J-Aa.    The  J^^  values 
obtained  in  this  way  were  higher  than  those  which  could  have  been  obtained 
by  extrapolation  according  to  the  proposed  standard,  but  they  were 
less  uncertain. 


The  J-Aa  data  for  aluminum  alloy  2219  are  listed  in  Table  6  and 
plotted  in  Fig.  2.  The  J^^  values  obtained  from  the  J-Aa  curves  are 
listed  in  Table  7.    The  values  of  J^    range  from  9.5  to  10.3  kJ  •  m~ 


4. 


Results  and  Discussion 
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over  a  tenfold  variation  in  specimen  thickness.    Thus,  J^^  is  indeed  a 

thickness-independent  measure  of  the  fracture  resistance  of  the  material. 

Using  the  measured  value  of  K^^  and  Eq.  (1),  one  would  expect  a  Jj^ 
-2 

of  13.6  kJ  •  m    ,  38%  larger  than  the  values  actually  found.    Thus,  for 
aluminum  alloy  2219,  Kj^  and  Jj^  are  not  related  by  Eq.  (1).    This  finding 
was  attributed  to  the  difference  in  the  measurement  point  for  the  two  test 
methods;  subsequent  experimental  measurements  showed  this  to  be  the  correct 
explanation  for  the  observed  discrepancy.    The  measurement  point  for  deter- 
mining Jj^  was  chosen  as  the  initiation  of  crack  extension,  whereas  the 
measurement  point  for  determining  Kj^  was  chosen  as  set  forth  in  ASTM 
Method  E  399,  that  is,  at  2%  apparent  crack  extension.    The  apparent  crack 
extension  includes  the  plastic  zone,  but  the  possibility  exists  that 
significant  actual  crack  extension  may  occur  before  the  Ki^  measurement 
point  is  reached.    If  this  is  the  case,  the  values  of  K^^  obtained  may  be 
characteristic  of  a  somewhat  extended  crack,  and  not  of  crack  initiation. 
This  possibility  is  widely  suspected  (Ref.  15)  as  a  cause  of  discrepancy 
between  observed  values  of  Kj^  and  J^^  as  related  by  Eq.  (1),  and  was  used 
by  Logsdon  (Ref.  10)  to  explain  some  of  his  data.    But  it  appears  that 
this  explanation  has  never  been  tested  experimentally. 

To  determine  the  extent  of  crack  extension  in  a  valid  K^^  test, 
three  3.8  cm  (1.5  inch)  thick  compact  tensile  specimens,  more  than  twice 
as  thick  as  necessary  to  obtain  valid  Kj^  data,  were  tested  according  to 
the  J-procedure  described  in  Section  3.    In  two  tests,  the  specimen  was 
unloaded  prior  to  the  intersection  of  the  load  line  with  the  5%  offset 
secant,  and  in  the  other  test  the  specimen  was  unloaded  just  after  this 
intersection.    The  records  of  these  tests  were  analyzed  as  follows.  A 
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line  was  drawn  through  the  origin  of  the  test  record  and  the  point  on  the 
record  at  which  unloading  was  begun.    The  percent  difference  between  the 
slope  of  this  secant  line  and  the  tangent  to  the  initial  linear  portion 
of  the  load  record,  referred  to  as  the  percent  secant  deviation,  was 
recorded.    This  procedure  allowed  a  correlation  of  secant  deviation  with 
crack  extension  to  be  made.    The  data  are  listed  in  Table  8  and  plotted 
in  Fig.  3.    These  data  clearly  show  that  the  critical  point  in  the  K^^ 
test  of  2219  aluminum  alloy,  that  is,  the  point  of  5%  secant  deviation, 
occurs  at  a  crack  extension  of  about  .064  cm  (.025  inch)  in  specimens 
which  satisfy  the  thickness  requirements  by  a  wide  margin.    As  a  double 
check,  a  similar  plot  for  the  1.42  cm  (.56  inch)  thick  specimens,  which 
are  almost  exactly  in  the  minimum  thickness  required  in  a  Kj^  test,  shows 
the  same  characteristic;  i.e.,  crack  extension  of  about  .064  cm  (.025 
inch)  before  the  5%  secant  offset  is  reached.    If  the  Jj^  evaluation 
point  were  chosen  not  at  crack  initiation  but  at  .064  cm  (.025  inch)  crack 
extension  in  these  specimens,  good  agreement  could  be  found  between 
Kj^  and  Jj^.    Thus,  the  discrepancy  between  the  measured  values  of  K^^ 
and  Jj^  related  by  Eq.  (1)  is  explained.    However,  because  of  the  observed 
dependence  of  the  J  integral  value  at  significant  crack  extensions  on 
specimen  thickness,  the  critical  state  for  J^^  measurement  cannot  be  chosen 
as  a  point  of  significant  crack  extension  uch  as  .064  cm  (.025  inch) 
because  this  would  defeat  the  purpose  of  J-integral  testing,  which  is  to 
obtain  a  parameter  characteristic  of  the  material  tested  independent  of 
specimen  thickness.    Thus,  in  this  alloy  it  is  impossible  to  obtain  agree- 
ment between  Kj^  and  Jj^  in  Eq.(l)  that  is  independent  of  thickness. 

An  obvious  feature  of  the  J-resistance  curves  of  Fiq.  2  is  that  the 
curves  for  the  three  different  material  thicknesses  separate  for 
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the  larger  values  of  crack  extension  but  converge  near  zero  crack  exten- 
sion.   It  can  be  seen  for  this  material  that  the  effect  of  increasing 
specimen  thickness  is  to  decrease  the  J  values  at  sizable  values  of  Aa 
while  leaving  them  unchanged,  within  experimental  uncertainties,  near 
zero  crack  extension.    A  similar  divergence  in  thickness  was  observed 
by  Griffis  and  Yoder  (Ref.  16)  for  2024-T351  aluminum  tested  at  room 
temperature  using  a  three-point-bend  specimen  and  thus  may  be  a  normal 
feature  of  J-integral  behavior  of  ma>ny  aluminum  alloys.  Thickness 
effects  are  discussed  further  in  the  Appendix  below. 


The  following  conclusions  have  been  drawn  from  the  present  study: 

(1)  In  specimens  cut  from  a  plate  of  2219  aluminum  alloy,  crack 
extension  was  initiated  at  a  constant  value  of  the  J-integral  over  a 
ten-fold  range  of  specimen  thickness,  extending  from  well  above  to  well 
below  the  minimum  specimen  thickness  given  in  ASTM  Method  E  399  for  valid 
Kj^  measurement.    This  result  supports  the  hypothesis  that  Jj^,  is  a 
useable  measure  of  material  toughness. 

(2)  and  K^^  (K^^  determined  according  to  ASTM  Method  E  399)  are 
not  equivalent  measurements  of  fracture  toughness  for  2219  aluminum  because 
of  subcritical  crack  growth  in  Kj^  tests;  the  Jj^  value  anticipated  from 
measurements  of  K^^  was  38%  larger  than  the  measured  J^^  value. 

(3)  As  crack  extension  increased,  the  J-integral  value  was  signi- 
ficantly larger  for  thin  specimens  than  for  thick  ones. 

Appendix.    Observations  on  Plane  Stress  Toughening 

The  specimen  thickness  B  may  be  expressed  in  dimensionl ess  form: 


5. 


Concl usions 


B 


(Al) 


Y  = 


2 


120 


The  parameter  y  can  be  used  as  an  index  of  the  operative  fracture  mode. 
The  possible  modes  are  plane  strain,  mixed,  and  plane  stress.  According 
to  Eq.(Al)  and  the  measured  values  of  the  parameters  Kj^  and  a^,  the  sam- 
ples used  in  the  present  study  fall  at  y  =  -72,  1.34,  2.68,  and  7.19. 
Values  of  y  equal  to  or  greater  than  2.5  correspond  to  the  criteria  of 
ASTM  Method  E-399  for  plane  strain  testing.    Thus,  for  values  of  y  below 
2.5,  we  may  expect  plane  stress  toughening  effects,  whereas   for  y  above 
2.5  plane  strain  should  dominate.     A  strong  increase  in  apparent  sample 
toughness  is  to  be  expected  as  the  thickness  is  decreased  (Ref.  17). 

An  experimental  search  for  such  a  dependence  of  apparent  toughness 
on  specimen  thickness  may  be  made  by  observing  the  maximum  stress  inten- 
sity sustained  by  the  samples  as  a  function  of  thickness.    Such  stress 
intensities  may  be  calculated  using  the  maximum  load  sustained  by  the 
sample  and  the  crack  length  present  at  the  initiation  of  loading.  Values 
of  the  maximum  stress  intensity  measured  in  this  manner  are  denoted  K|^. 

may  be  corrected  for  the  plastic  zone  size  as  follows.    First,  the 
plastic  zone  radius  is  calculated  from  the  uncorrected  stress  intensity 
according  to  (Ref.  IB): 


Then  the  effective  crack  length  a       =  a  +  r  is  used  to  find  the  first 

eff  y 

corrected  stress  intensity  factor  according  to: 


r 


y 


(A2) 


P  f(a 


eff/W) 

iV2 
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Ic 
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B  W 
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where  f( — jj^)  is  given  by  Newman  (Ref.  19).    This  corrected  stress  inten- 


sity is  used  to  calculate  a  new  value  of  r^,  which  is  then  used  to  calcu- 
late a  new  stress  intensity,  and  the  iteration  continues  in  this  manner. 
If  this  process  converges,  the  final  value  of  r^  is  not  too  large  and  the 
plastic  zone  correction  has  been  made  successfully.    An  asterisk  indicates 
a  stress  intensity  value  which  includes  the  plastic  zone  correction.  For 
instance,  K„.  is  the  stress  intensity  at  maximum  load  corrected  for  the 
plastic  zone. 

Measured  values  of  K^.  and  K...  are  listed  in  Table  A-1  and  plotted 
versus  thickness  in  Fig.  A-1.  The  classic  decrease  of  this  measure  of 
material  toughness  with  increasing  specimen  thickness  is  emphasized  by 
the  plastic  zone  correction.    The  curve  shown  in  this  figure  is  given  by 


where  Y     was  defined  in  Eq.(Al).    This  equation  was  used  by  Irwin  et  al . 
(Ref.  19)  to  curve-fit  some  fracture  toughness  data  on  aluminum.  The 
qualitative  agreement  between  this  curve  and  the  measured  values  of  K^^^ 
indicates  that  the  anticipated  strong  increase  in  apparent  sample  tough- 
ness with  decreasing  thickness  was  indeed  found  in  the  present  study. 
The  increase  of  Kj^^  indicates  that  plane  stress  toughening  occurs  as  the 
specimen  thickness  decreases.    From  these  data,  we  may  conclude  that  the 
border  between  plane  strain  and  mixed  modes  occurs  at  about  y  =  2.5;  thus, 
the  requirements  of  ASTM  Method  E-399  are  adequate  to  insure  plane  strain 
conditions,  but  are  not  excessive-  Due  to  limitations  on  the 

specimen  size,  the  pure  plane  stress  region  was  not  attained  in  these 
tests.    Nevertheless,  the  data  are  sufficient  to  show  tendencies  of  the 
difference  between  plane  strain  and  plane  stress  modes  of  fracture. 


(A4) 
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Table  1.  Chemical  compositions  of  the  alloys,  wt . 

Cu  Fe  Mg  Mn  Si  Ti  V  Zn  Zr 

2014  4.4  0.5  0.8  0.8 

2219  6.4        0.20        <.01  0.26      0.15        0.16      0.12        0.09  0.16 


For  2014,  nominal  composition.     For  2219,  plasma  arc  analysis. 
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E(GPa) 
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Avg 
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58.8 
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12.4 
.318 
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Table  4.     J-integral  data  for  aluminum  alloy  2014-T651  in  the  T-L  orientation  at  76  K. 


Sample  ?         BCcm)  B(iji)  b(cm)  b(in)  Aa(cm)      ia(10  ^  in)      J(^)        J(.^^y^        %  small 

m              in  grains 

A-6                   .508  0.2  3.71  1.46  .oil           4.3  33.6  191.9  10% 

A-15                 .508  0.2  3.56  1.40  .027  10.5  54.0  308.2  30% 

A-1                   .508  0.2  3.58  1.41  .036  14.2  29.6  169.2  100% 

A-2                   .508  0.2  3.62  1.42  .071  27.8  56.0  320.0  50% 

A-3                   .508  0.2  3.66  1.44  .116  45.2             100.5  573.7  50% 

B-8  1.27  0.5  3.61  1.42  .009           3.4  13.4          76.8  100% 

B-3  1.27  0.5  3.35  1.32  .009           3.5  26.7  152.3  20% 

B-7  1.27  Q.5  3.56  1.40  .010           4.0  17.1          97.8  60% 

B-2  1.27  0.5  3.43  1.35  .033  13.0  27.3  156.0  100% 

3-6  1.27  0.5  3.48  1.37  .045  17.9  24.9  142.0  100% 

B-1  1.27  0.5  3.43  1.35  .054  21.2  34.7  197.9  40% 

B-5  1.27  0.5  3.45  1.36  .057  22.5  45.2  264.1  0% 

B-4  1.27  0.5  3.53  1.39  .141  55.5  37.5  214.2  -  50% 

C-6  2.54  1.0  3.63  1.43  .008           3.1  13.2          75.1  50% 

C-1  2.54  1.0  3.45  1.36  .017           6.6  21.1  120.5  100% 

C-5  2.54  1.0  3.51  1.38  .018           7.0  30.2  172.7  20% 

C-8  2.54  1.0  3.63  1.43  .036  14.1  28.6  162.9  60% 

C-3  2.54  1.0  3.68  1.45  .056  22.0  33.0  188.7  25% 

C-7        -  2.54  1.0  3.51  1.38  .067     .    26.5  40.3  -  230.3  50% 

C-4  2.54  1.0  3.38  1.33  .129  50.9  37.6  215.0  50% 

C-2  2.54  1.0  3.30  1.30  .218  86.0  59.2  338.3  100% 


-  OO 


Table  5a.     Dimensions  of  aluminum  2014  specimens  used  in  the  present 
study.     B  and  W  have  the  meanings  indicated  in  Fig.  1. 


B 

0.51  cm  (0.2  in) 
1.27  cm  (0.5  in) 
2.54  cm  (1.0  in) 
3.81  cm  (1.5  in) 


W 

7.62  cm  (3  in) 

7.62  cm  (3  in) 

7.62  cm  (3  in) 

7.62  cm  (3  in) 


4.57  cm  (1.8  in) 

4.57  cm  (1.8  in) 

4.57  cm  (1.8  in) 

4.01  cm  (1.58  in) 


Number  of 
specimens 
tested 


Table  5b.     Dimensions  of  aluminum  2219  specimens  used  in  the  present 
study.     B  and  W  have  the  meanings  indicated  in  Fig.  1. 


B 

0 .38  cm  (  .15  in) 
0.72  cm  (  .28  in) 
1.44  cm  (  .56  in) 
3.81  cm  (1.5  in) 


W 

5.08  cm  (2  in) 

5.08  cm  (2  in) 

5.08  cm  (2  in) 

7.62  cm  (3  in) 


3.05  cm  (1.2  in) 

3.05  cm  (1.2  in) 

3.05  cm  (1.2  in) 

4.19  cm  (1.65  in) 


Number  of 
specimens 
tested 
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Table  6.     J-integral  data  for  aluminum  allo^'  2219-T87  in  the  L-T  orientation  at  76  K. 


Sample  #  B(cm)  B(in) 

A-4  .38  .15 

A-5  .38  .15 

A-3  .38  .15 

A-1  .38  .15 

A-2  .38  .15 

B-4  .71  .28 

B-5     •  .71  .28 

B-3  .71  .28 

B-1  .71  .28 

B-2  .71  .28 

C-3  1.42  .56 

C-5  1.42  .56 

C-1  1.42  .56 

C-2  1.42  .56 

C-7  1.42  .56 

D-7  3.81  1.5 

D-6  3.81  1.5 

D-5  3.81  1.5 


b(cni)  b(in)  Aa(cm) 

2.03  .80  0 

2.04  .80  .013 

2.03  .80  .033 

2.04  .80  .074 

2.02  .80  .130 

2.03  .80  .001 
2.09  .82  .008 
2.06  .81  .024 
2.11  .83  .097 
2.06  .81  .183 

2.08  .82  .002 
2.02  .80  .013 

2.09  .82  .020 
1.99  .78  .076 
2.01  .79  .157 

3.65  1.44  .009 

3.47  1.37  .067 

-.51  1.38  .072 


-a  (10      xn)  J(^)  J(  


m  in 

0  10.0  57.2 

5.1  12.6  72.1 

12.8  16.7  95.4 
29.0  21.8  124.6 

51.0  33.7  192.3 

0.4  9.6  54.7 

3.4  10.9  62.2 

9.3  13.1  74.8 

38.1  12.5  105.5 

71.9  27.3  155.8 

0.7  9.0  51.5 

5.1  11.7  66.8 

8.0  13.0  74.1 

30.0  16.6  94.6 

62.0  20.2  115.3 

3.8  10.0  56.9 

26.2  13.4  76.4 
28.5  14.8  84.8 


Table  7.     Measured  and  predicted  (from        )  values  of  for 

Ic  Ic 

four  specimen  thicknesses  of  aluminum  alloy  2219-T87 
at  76  K. 

MEASURED     .  PREDICTED 

B(cm)  B(in)  (kJ/m^)  (^^^^)  J.  (kJ/m^)  J"  (^^^^) 

Ic  ic     .  ^  Ic  Ic     .  z 

m  in 

.38  .15  10.3  59  13.6  77.5 

.71  .28  10.0  57  ^                   13.6  77.5 

1.42  .56  9.6  55  13.6  77.5 

3.81  1.50  ■   9.5  :,             ,    54,  13.6  77.5 


Table  8.  Measured  values  of  crack  extension  and  secant  deviation 
for  two  specimen  thicknesses  of  aluminum  alloy  2219-T87 
at  76  K. 

_3 

Sample  #          B(cm)           B(in)           Aa(cm)          Aa(10       in)  secant  deviation 

(per  cent) 

C-3                   1.42             .56           .002                     .7  0 

C-5            '         1.42              .56            .013                    5.1  0 

C-1                    1.42              .56            .020                    8.0  2.1 

C-2                    1.42              .56            .076                   30.0  7.1 

C-7                    1.42              .56            .157                   62  14.0 

D-7                    3.81            1.5              .010  ^                  3.8  3.0 

D-6                    3.81           1.5              .067                   26.2  4.0 

D-5                    3.81            1.5              ,072                   28.5  5.7 
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Table  Al. 


Jlaximum  stress  intensity  and  maximum  stress  intensity 
corrected  for  the  plastic  zone  for  four  specimen 
thicknesses  of  aluminum  alloy  2219-T87  at  76  K. 


Sample  #      B(cm)  B(in)  K^^H^ a •     ^ )      Kj_j(ksi- in"^^^)       K^^* (MPa •m"'"^^)      K^* (ksi- in"'"'^^) 

A-4  .38  .15  46.2  42.0  57.6  52.4 

B-4  .71  .28  38.1  34.7  42.3  30.5 

C-3  1.42  .56  34.8  31.7  37.9  34.5 

D-7  3.81  1.5  34.1  31.0  35.6  32.4 

0-1  3.81  1.5  37.6  34.2  39.3  35.8 

0-2  3.81  1.5  37.8  34.4  39.6  36.0 


List  of  Figures 

Figure  1.  Specimen  configuration  used  in  the  present  study. 

Figure  2.  J-la  data  for  aluminum  alloy  2219. 

Figure  3.  Secant  deviation  versus  crack  extension  for  aluminum 

alloy  2219. 

Figure  Al.  Observed  maximum  stress  intensity  versus  specimen  thickness. 
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Figure  1.    Specimen  configuration  used  in  the  present  study. 
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Summary:     Magnetothermal  Conductivity 


The  thermal  conductivity  and  effect  of  a  magnetic  field  on  the  thermal 
conductivity  of  UNS-A91100  in  the  "0"  anneal  condition   (aluminum  1100  annealed 
at  350°  C  for  1  hour)   have  been  determined  in  the  temperature  range    5  k 
to  20  K.     A  magnetic  field     typically  increases  the  electronic  thermal 
resistance  and  thus  lowers  the  total  observed  thermal  conductivity  of  a  metal. 
For  the  present  aluminum  specimen   (RRR  =  32.6)   the  data  indicate  that  a 
6  366  kA/m   (80  kOe)   magnetic  field  reduces  the  thermal  conductivity  by  29%  at 
5.5  K  and  by  50%  at  20  K.     Electrical  resistivity  data  have  also  been  deter- 
mined and  show  an  increase  in  resistivity  with  increasing  magnetic  field. 
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Introduction 


The  objective  is  to  determine  the  effect  of  magnetic  fields  on  the  ther- 
mal conductivity  of  technically  important  metals.     The  need  for  this  infor- 
mation arises  from  the  development  of  rotating  machinery  operating  at  cryo- 
genic temperatures.     The  existing  world's  literature  on  magnetothermal 
conductivity,   X (H) ,   is  concerned  almost  exclusively  with  scientific  materials, 
e.g.,  very  pure  materials  and  single  crystals.     A  complete  bibliography  of 
the  subject  was  given  by  Sparks  and  Fickett   [1] . 

The  materials  studied  in  this  prograiri  are  being  used  or  are  candidates 
for  use  in  superconducting  motors  and  generators.     Optim-urr.  design  of  these 
machines,  which  must  operate  at  low  temperatures  while  in  magnetic  fields, 
requires  a  detailed  knowledge  of  how  the  thermal  properties  of  the  constituent 
materials  are  affected  by  a  magnetic  field.     The  broad  material  categories 
of  interest  include  superconductor  stabilizing  materials  such  as  copper  and 
aluminum,   and  structural  m.aterials  such  as  nickel  alloys,   stainless  steels, 
and  metallic  composites. 


2 . 1  Apparatus 

The  principal  components  of  the  V (H)    system  are  shown  schematically  in 
Figure  1.     Since  the  detailed  operation  of  the  system  has  been  described  in 
previous  reports   [1,2]   and  the  details  of  several  system  modifications  were 
discussed  in   [3] ,  only  a  very  brief  reiteration  of  the  system  and  its  opera- 
tion is  included  here.     The  specimen  chamber,   as  shown  in  Figure  1,  is 
evacuated   (operating  pressure  is   less  than  10~4  Pa)   and  immersed  in  liquid 
helium.     The  liquid  helium  provides  refrigeration  to  the  specimen  via  the 
THERMAL  LINKS   (capitalized  terms  refer  to  Figure  1) .     The  specimen  is  shown 
mounted  with  its  axis  parallel  to  the  axis  of  the  superconducting  solenoid 
which  allows  the  longitudinal  field  effect  to  be  determined. 

The  basic  operation  of  the  system  involves  balancing  electrical  power 
supplied  to  three  heaters  with  the  heat  leak  to  the  liquid  helium  bath  via 
the  THERMAL  LINKS.     The  electrical  heaters  were  wound,  one  each,  on  the 
TEMPERATURE  CONTROLLED  HEAT  SINK    (TCHS)  ,   the  SPECI2-ffiN,    and  the  TEMPERING 
POST.     The  pov;er  supplied  to  the  TCHS  determines  the  approximate  temperature 
of  the  specimen;   the  SPECIMEN  HEATER  is  used  to  establish  a  temperature 
gradient  along  the  specimen;   and  the  TEMPERING  POST  HEATER  is  used  to  reduce 
the  temperature  difference  between  the  specimen  and  the  tempering  post  to 
less  than  +  5  mK.     The  TEMPERING  POST  and  TCHS  heaters  are  automatically 
controlled  during  all  tests  while  a  constant  current  is  supplied  to  the 
SPECIMEN  HEATER.     The  temperature  difference  existing  along  the  sample  due 
to  the  specimen  heater  current  is  determined  at  the  two  THERMOMETER  BLOCKS. 
The  thermal  conductivity  of  the  specimen  is  then  computed  from  a  knowledge 
of  the  specimen  geometry   ( area/length) ,  the  specimen  heater  power   (Q) ,  and 
the  mieasured  temperature  difference  along  the  specimen   (^T)  .  The 
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relationship  of  A  to  these  parameters  is  given  by 


A  = 


(1) 


A  series  of  measurements  of  AT  and  Q  at  various  fields  (0  :<  H  <.  6366  kA/m)* 
and  temperatures   (4  <  T  <  20  K)   result  in  the  data  presented  in  this  report. 

2.2  Materials 

One  material,   UNS-A91100   (aluminum  1100),  was  tested  during  this  report- 
ing period.     The  mill  analysis  in  weight  percent  of  the  stock  used  for  the 
A (H)    specimen  is  as  follows:     Cu  =  0.2,  Fe  -  0.6,   Si  =  0.1,   and  the  balance 
is  Al .     The  test  specimen  is  in  the  "0"  condition  after  being  annealed  for 
1  hour  at  350°  C  in  a  vacuum  of  1.33  X  10"^  Pa  and  then  :^urnace  cooled.  The 
DP     hardness  of  the  annealed  specimen  is  28    (1  kq  load)   and  its  density  is 
2.818  X  10-^  kg/m^  at  294  K.     The  residual  resistance  ratio,  R273K/R4K' 
32.6,   and  the  ratio  of  area  to  length  is  4.84  X  10"^  m. 

The  THERI40METER  BLOCKS  and  the  SPECIMEN  HEATER  are  attached  to  the  speci- 
men by  soldering  as  detailed  in   [3].     In  order  to  avoid  the  difficulties 
invol\7'ed'  in  soldering  to  aluminum,   thin  copper  strips  were  electroplated  to 
the  specimen  as  needed  after  the  specimen  was  annealed. 


3 .  Results 

The  thermal  conductivity  of  the  present  specimen  is  shown  in  Figure  2 
as  a  function  of  temperature  with  magnetic  field  as  a  parameter.     The  reduc- 
tion in  conductivity  from  the  zero  field  values  caused  by  a  6366  kA/m   (80  kOe) 
field  is  29%  at  5  K  and  50%  at  20  K.     The  estimated  uncertainty  of  the  ther- 
mal conductivity  data  points  is  +  6%  at  T  =  4  K  and  +  8%  at  T  =  20  K. 
Figure  3  presents  the  relative  change  in  the  thermal  resistance,   AW/Wh=o  = 
(Wjj  -  Wjj=o)/^H=0'         ^  function  of  magnetic  field  with  temperature  as  a  para- 
meter.    The  electrical  resistivity  is  shown  in  Figure  4.     The  estimated 
uncertainty  of  the  electrical  resistivity  data  points  is  _+  8%. 


4.  Discussion 

Attempts  to  find  corroborating  data  have,   to  a  large  extent,  been  unsuc- 
cessful both  for  the  case  where  H  =  0  and  E  ^  0.     The  literature  contains 
many  references  to  papers  dealing  with  the  thermal  conductivity  of  aluminum 
at  zero-magnetic  field   [4] ,   and    several     references  given  in   [1]  deal 
with  thermal     conductivity  of  aluminum  in  magnetic     fields.     With  two 
exceptions,   however,   the     low  temperature  thermal  conductivity     of  alumi- 
num data  pertain     to  very  high  purity  polycrystalline  or  single  crystal 
specimens.     This,   coupled  with  the  fact  that  thermal  and  electrical  conduc- 
tivities of  most  good  conductors  are  extremely  dependent  on  trace  impurities 
and  thermal  history,  makes  direct  comparison  to  the  present  data  difficult. 

Powell,   et     aL  [5]   measured  the  thermal  and  electrical  conductivity  of 
two  UNS-A91100  specimens;  one  was  used  in  the  "F"  condition   (as  fabricated) 


*  The  International  System  of  Units    (SI)   designation  for  magnetic  field 

strength  is  ampere  per  meter,   and  this  unit  is  used  throughout  this  paper. 
The  more  conventional  unit  of  magnetic  field  strength,   the  oersted,  is 
also  given.     Conversion  of  oersteds  to  amperes/meter  is  accomplished  by 
multiplying  oersteds  by  1000/4it. 
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and  the  other  in  the   "0"  condition   (fully  annealed).     His  results  for  the 
"0"  specimen  were  anomalous  in  that  the  observed  thermal  conductivity  was 
even  lower  than  that  of  the  "F"   specimen.     The  RRR  for  his   "0"   specimen  was 
around  15  when  the  expected  value  for  this  grade  of  aluminum  is       32.  The 
behavior  of  the  "0"   specimen  was  attributed  to  high  impurity  levels  in  the 
stock  material.     Present  results  can  also  be  compared  with  those  of  de  Nobel  [6] 
In  this  case  the  data  extend  down  to  only  15  K   (a  5  K  overlap  with  the  present 
data)   and  the  material  is  not  well  characterized.     de  Nobel's  material  was 
intended  to  be  used  in  construction  of  laboratory  apparatus    (therefore,  not 
of  extremely  high  purity) ;   its  conductivity  is  approximately  5%  lower  than 
the  present  data. 

The  temperature  dependence  of  the  relative  change  in  thermal  resistivity, 
AW/Wjj=Q,   as  shown  in  Figure  3  is  opposite  that  of  the  copper  specimens  tested 
earlier   [7].     This  temperature  dependence  has  been  observed  before   [8]  for 
single  crystal  specimens  at  lower  temperatures.     Further  study  of  the  pre- 
sent data  will  be  necessary  to  examine  the  possible  scattering  mechanisms 
responsible  for  this  behavior. 

The  uncertainty  in  the  electrical  resistivity  data  shown  in  Figure  4  is 
high  due  to  the  short  specimen  length  and  low  allowable  specimen  current 
(due  to  small  wires) .     The  scatter  in  the  zero  field  data  was  considerably 
higher  than  the  H  7^  0  data.     These  data  sets    (H  =  0  and  H  7>^  0)   were  taken  on 
different  days  but  were  otherwise  the  same.     The  H  =  0  curve  shown  in  this 
figure  is  from  Clark,   et  al .    [9];   their  specimen  had  the  same  RRR  as  the 
present  specimen  within  experimental  uncertainty.     An  analysis  of  these 
Ap/pH^O  data  indicate  that  the  magnetic  field  effect  on  the  resistivity  is 
only     a  very  weak  function  of  temperature. 

In  conclusion,   the  thermal  conductivity  of  aluminum  UNS-A9110  0  in  the 
"0"  annealed  condition  is  reduced  when  a  magnetic  field  is  applied.  The 
magnitude  of  the  reduction  caused  by  a  6366  kA/m  field  is  29%  at  5  K  and  50% 
at  20  K.     The  temperature  dependence  of  AW/%=o  is  the  inverse  of  that  found 
for  the  copper  specimens  measured  previously. 
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Figure  1.     Magnetotherir.al  conductivity  probe  and  magnet. 


145 


146 


H,  kA/m 

P       1000    2000   3000  4000   5000    6000  7000 


UNS-A9II00 


10      20     30     40     50     60     70  80 

H,  kOe 


Figure  3.     Relative  change  in  thermal  resistance  as  a  function  of  magnetic 
field  with  temperature  as  a  parameter. 
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Summary:     Thermal  Conductivity 


During  the  current  reporting  period  no  thermal  conductivity  measurements 
were  performed.     The  final  measurements  for  this  program  will  be  performed 
during  the  next,  and  final,  reporting  period.     Measurements  are  scheduled  for 
the  following  materials: 

Maraging  steel  300  (Fe-18Ni-9Co-5Mo) 
Carpenter  49  steel  (Fe-49Ni) 
Boron-Aluminum  Composite  (longitudinal) 
Graphite-Epoxy  Composite   (longitudinal,  transverse) 

The  final  report  will  contain  the  results  of  these  measurements  and  a  summary 
of  rne  thermal  conductivities  of  materials  pertinent  to  this  program. 
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